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ABSTRACT 
Hand-held rad iomete r s  a r e  smal l  i n s t r u m e n t s  t h a t  measure 
r a d i a t i o n  t h a t  has been r e f l e c t e d  o r  e m i t t e d  from a  t a r g e t ,  Most 
have  bandpass r eg ions  similar t o  tho52 of scanners  aboard s a t e l -  
l i t e s  now i n  o r b i t  o r  soon t o  be launched.  Hand-held r a d i a n e t e r a  
a r e  p a r t i c u l a r l y  use£ u l  f o r  o b t a i n i n g  f r e q u e n t  s p e c t r a l  and t h e r -  
mal d a t a  over  numerous- smal l  p l o t s  having d i f f e r e n t  t r e a t m e n t s  
such as i r r i g a t i o n s  o r  f e r t i l i z a t i o n .  Such exper iments  a l l o w  t h e  
development of r e l a t i o n s h i p s  between remotely  sensed d a t a  and 
agronanic  v a r i a b l e s ,  as w e l l  as r e l a t i o n s h i p s  needed f o r  improved 
i n t e r p r e t a t i o n  of s a t e l l i t e  d a t a  and t h e i r  a p p l i c a t i o n s  t o  a g r i -  
c u l t u r e .  
A s e t  of no tes  was developed t o  a i d  t h e  beg inner  i n  hand- 
h e l d  radiometry. The e l e c t r a o a g n e t i c  spect rum i s  reviewed,  and 
p e r t i n e n t  terms a r e  d e f i n e d .  V i e w  a r e a s  of mul t iband radi .ometers 
are developed t o  show the areas of c o i n c i d e n c e  of a d j a c e n t  bands,  
The amounts of p l a n t  c o v e r  s e e n  ; rad iomete r s  having d i f f e r e n t  
f i e l d s  of view are d e s c r i b e d .  V e g e t a t i o n  i n d i c e s  a r e  d e r i v e d  and 
d i s c u s s e d .  Response f u n c t i o n s  of s e v e r a l  r ad iomete r s  a r e  shown 
and app l i ed  t o  spec t romete r  d a t a  t a k e n  o v e r  12  wheat p l o t s ,  t o  
provide a comparison of i n s t r u m e n t s  and bands within and among 
ins t ruments .  The c a l c u l a t i o n  of s o l a r  time i s  reviewed and 
app l i ed  t o  t h e  c a l c u l a t i o n  of t h e  l o c a l  time of LANDSAT s a t e l l i t e  
overpasses  f o r  any p a r t i c u l a r  l o c a t i o n  i n  t h e  n o r t h e r n  hani-  
sphere ,  The use and misuse  of hand-held i n f r a r e d  thermometers 
a r e  d i s c u s s e d ,  and a  p rocedure  f o r  pho tograph ic  d e t e r m i n a t i o n  of 
p lant  cover  is d e s c r i b e d .  
Some s u g g e s t i o n s  a r e  o f f e r e d  concern ing  p rocedures  t o  be 
foI.lowed when c o l l e c t i n g  hand-held s p e c t r a l  and thermal d a t a .  A 
l l z t  of r e f e r e n c e s  p e r t i n e n t  t o  hand-held rad iomet ry  i s  inc luded .  
KEYWORDS: Hand-held r a d i o m e t e r s ,  remote s e n s i n g ,  
r e f l e c t a n c e  s p e c t r a ,  thermal  i n f r a r e d ,  
v e g e t a t i o n  i n d i c e s .  
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HAND-IIELD RADIOMETRY 
By Ray D. J ackson ,  Paul J. P i n t e r ,  J r . ,  
Robert J. Reginato ,  and Sherwood B. f d s o l  
INTRODUCTION 
Light  from t h e  sun, r e f l e c t e d  Erm s o i l s  and p l a n t s ,  can t e l l  us how much 
p l a n t  m a t e r i a l  is present  i n  t h e  f i e l d ,  t h e  v i g o r  of t h e  p l a n t s ,  whether p l a n t  
d i s e a s e s  or insects have caused damage, and o t h e r  a s p e c t s  important  t o  t h e  pro- 
duction of food and f i b e r .  S i n c e  1972, t h e  N a t i o n a l  Aeronau t i c s  and Space 
A.dminis t ra t ion (NASA) has launched t h r e e  s a t e l l i t e s  ( c a l l e d  LANDsATs) t h a t  
carry m u l t i s p e c t r a l  scanners  (MSS), ino t ruments  t h a t  measure r e f l e c t e d  l i g h t  i n  
p a r t i c u l a r  wavelength bands. F u t u r e  s a t e l l i t e s  of t h i s  g e n e r a l  type  w i l l  a l so  
have a band t h a t  measures e m i t t e d  thermal r a d i a t i o n ,  f r m n  which s u r f a c e  temger- 
a t u r e s  can be i n f e r r e d .  The e x p l o i t a t i o n  of s a t e l l i t e  i n f o r m a t i o n  f o r  a g r i .  
c u l t u r a l  r e s e a r c h  and f o r  management d e c i s i o n s  i s  hampered by t h e  frequency of 
coverage (once every  18 d a y s ,  i f  c loud f r e e )  and t h e  t ime r e q u i r e d  t o  p rocess  
t h e  da ta .  In a d d i t i o n ,  research d a t a  concern ing  the  fundamental  r e l a t i o n s h i p s  
between r e f l e c t e d  and e m i t t e d  r a d i a t i o n  and v a r i o u s  a g r o n f n i c  f a c t o r s  Found i n  
f i e l d  s i t u a t i o n s  i s  minimal.  Recent advances i n  e l e c t r o n i c  technology now 
allow the c o n s t r u c t  ion of s m a l l  i n s t r u m e n t s  t h a t  mimic t h e  s a k e l l i t e  scanners  
but can be c a r r i e d  and operaLed by one person.  We call t h e s e  i n s t r u m e n t s  hand- 
h e l d  rad iomete r s .  
For research purposes ,  and t o  a id  i n  t h e  i n t e r p r e t a t i o n  of s a t e l l i t e  d a t a ,  
r e l a t i o n s h i p s  must be developed between remote ly  sensed s p e c t r a l  d a t a  and agro- 
nomic v a r i a b l e s  s u c h  as l e a f  area index,  biomass, and amqunt of ground cover .  
Such r e l a t i o n s h i p s  can b e s t  be developed by o b t a i n i n g  s p e c t r a l  d a t a  over  numer- 
o u s  small p l o t s  where crops  a r e  c a r e f u l l y  monitored and r e s e a r c h e r s  can  exer-  
c i s e  some manipu la t ion  of c u l t u r a l  v a r i a b l e s  such a s  s o i l  water and row o r i e n -  
t a t i o n .  Hand-held rad iomete r s  a r e  i d e a l l y  s u i t e d  f o r  t h e s e  types  of e x p e r i -  
ments because of t h e i r  p o r t a b i l i t y .  Many measurements can be made r a p i d l y  i n  
exper imenta l  f i e l d s  i n a c c e s s a b l e  t o  ,chicles and too  smal l  t o  be i n c l u d e d  i n  
t h e  r e s o l u t i o n  element of a i r c r a f t -  o r  s a t e l l i t e - b a s e d  s e n s o r s .  A d d i t i o n a l  
d e t a i l  on t h e  u s e f u l n e s s  of hand-held rad iomet ry  was given by Tucker (1978b). 2 
I P h y s i c i s t ,  en tomolog i s t ,  s o i l  s c i e n t i s t ,  and p h y s i c i s t ,  r e s p e c t i v e l y ,  
Science  and Educa t ion  Adminis t ra t ior , ,  A g r i c u l t u r a l  Research (SEA/AR), U .  S. 
Water Conserva t ion  Labora to ry ,  4331  East Broadway Road, Phoenix ,  Ariz. 8,040. 
The y e a r  i n  i t a l i c ,  when it follows t h e  a u t h o r ' s  name, r e f e r s  t o  S e l e c t e d  
References ,  p. 61.  
An impor tan t  aspect  of remote s e n s i n g  rest!ilrctr is  t h e  probltm nE comparing 
d a t a  taken with varir)us i n s t r u m e n t s  having di f ferent :  c h a r a c t e r i s c  i c s .  Somt? 
q u e s t i o n s  t h a t  should be nddrr2ssed wirt l in t h i s  c o n t e x t  :IC~!: HOW do YOU cornpare 
d a t a  ob ta ined  from rad iomete r s  t h a t  measurp r a d i a t i o n  i n  d i f f e r e n t  wavtsltlnp;tlr 
r eg ions?  How du ynli r e l a t e  d a t a  t aken  with a "wide" f i e l d  of v iew ( 1 5 "  f o r  most 
hand-held i n s t r u m e n t s )  to daca obta ined  wieh d i f f e r e n t  f i e l d s  of view, o r  t o  an 
a i r c r a f t -  o r  s a t e l l i t e - b a s e d  scanner  where t h e  instantaneous f i e l d  nf view is 
very smal l?  What does an ins t rument  "see" i n  terms of p l a n t s  and s o i l  back- 
ground? What a r e  " v e g e t a t i o n  i n d i c e s , '  and how art! they  used? The  ov t? r r id ing  
ques t ion  is:  How c a n  we l r e ~ t  t a k e  s p e c t r a l  data  t h a t  art? t inders tandable  and 
t r a n s f p r a b l e  t o  o t h e r  ~ i t u a t i o n s ?  
I n  1979, t h e  SJ:A/AR Wheat Y i e l d  Idodeling c;roup c o n t r a c t e d  w i  t i 1  NASA t o  
c o n s t r u c t  appraximatoly  1 2  hand-trelc. r ad iomete r s  for  d r ~  1 i v ~  ry i n  1980, These 
r a d i o m e ~ e r s ,  designed by Tltcker e t  a l .  (1980) a t  t h e  Goddard Space  F l i g h t  Cente3r 
(GSFC), c o n t a i n  th ree  bands t h a t  aria s imi l a r  t n  t trree handti of  t h e  Thematic 
Flapper, t h e  radiometer  t ha t  is t o  be carried on LANDSAT-D ( schedu led  io r  launch 
a s  LANDSAT-4 i n  1981) (Tucker 1978d1, This  i n s t r u m e n t ,  dcasignacrd as  the  Mark 
I1 3-band, was developed a f t e r  Tucker had gained a c o n s i d e r a b l e  amount of exper-  
imental  exper ience  w i t h  a two-band ins t rument  d e s c r i b e d  by Pearson e t  a l .  ( 1 9 7 6 )  
( h e r e i n  c a l l e d  t h e  PMT 2-band). Another r ad iomete r  a d a p t a b l e  t o  hand-held use 
has been s v s i l a b l e  commercial ly f o r  s e v e r a l  yea r s .  This i s  t h e  Exotech model 
l O O A  "LANDSAT Ground Tru th i i  r a d i o m e t e r ,  whose bands,  a s  t h e  name i m p l i e s ,  cor-  
respond t o  bands 4 through 7 on t h e  XSS c a r r i e d  by t h e  c u r r e n t l y  o r b i r i n g  
LANDSATs. A l l  of these  i n s t r u m e n t s  measure p o r t i o n s  of t h e  e l e c t r o m a g n e t i c  
spectrum t h a t  a r e  i n  the  v i s i b l e  and t h e  near i n f r a r e d  ( I R )  r e g i o n s .  
Our i n t r o d u c t i o n  t o  hand-held s p e c t r a l  r ad iomete r s  occur red  a f t e r  a meeting 
i n  January 1977 with B a r r e t t  Robinson and Marvin Rauer of t h e  Labora to ry  Eor 
Appl ica t ions  of Remote s e n s i n g  (LARS),  Purdue U n i v e r s i t y .  They loaned u s  equ ip -  
ment, and B a r r e t t  Robinson spen t  a day i n s t r u c t i n g  us i n  t h e  use  of t h e  Exotech 
model 100.4. We a r e  s t a r t i n g  our  f o u r t h  y e a r  of measurements wi th  t h e  Exotech, 
but due t o  weather c o n d i t i a s s  and a few o t h e r  r e a s o n s ,  we have l i t t l e  f i e l d  
exper ience  wi th  the  Mark I1 3-band, 
Many of t he  same r e s e a r c h e r s  who w i l l  b e  us ing  t h e s e  ins t ruments  t o  measure 
r e f l e c t e d  r a d i a t i o n  have a l so  ordered a newly developed hand-he ld  I R  "thermo- 
meter" t h a t  measures emi t t ed  thermhl r a d i a t i o n  i n  t h e  8 t o  1 4  pfii ( o r  10.5 t o  
12 .5  p m )  wavelength regions,  which can  be r e l a t e d  t o  surfr,cc; t empera tu res .  This 
ins t rument ,  produced by t h e  T e l a t  emp Corpora t ion ,  weighs about 1 . 1  kg  and has a  
p i s t o l  g r i p ,  which al lows it to be h e l d  l i k e  a handgun, We have used t h e  Tela-  
temp f o r  2 y e a r s ;  and f o r  4 y c a r ?  p reced ing  t h a t  we used a Rarnes PRT-5 IR 
thermometer, 
Duriqg these years ,  we have l ea rned  a  b i t  about t h e  use  of hand-held r a d i o -  
meters--much of it by t r i a l  and error--and a s  i n  most endeavors ,  h i n d s i g h t  h a s  
been an e x c e l l e n t  r eacher .  Thus,  wi th  t h e  impending d e l i v e r i e s  of hand-held 
radiometers  t o  our c o l l e a g u e s ,  we thought that a t- rkshop,  i n  which we d ~ s c u s s e d  
much of what we know about t h e  use and misuse  of hand-held rad iomete r s ,  would b e  
b e n e f i c i a l .  
I n  p repar ing  f o r  t h e  workshop, a set of n o t e s  developed.  We s h a r e  t h e s e  
n o t e s  w i th  a word of caution: We do no t  have a l l  the answers ,  some t h i n g s  may 
not be c m p l ~ ~ t c l y  p r e c i s e ,  snd a f v w  errors  axat? hnund t n  be dieguistvl  as f a c t s .  
Ntavt!rtht!la-ss, WI! hope that  they w ~ l l  servca a u f i t % f ~ l l  p i i r p w e .  We have c i t e d  
numi? l i t e ra t ! l r e  and added o t h e r  per t inent  reft!rt:nres, but  no compret~ensive 
rcviaw was ;IC tempted. We tha:~k Craig Wier:and, SEA/AK, U i ~ s l a c o ,  Tex, , and 
C. J i m  Tttckar, NASA, f;rt!trnbelt, Md., who wert? vtiry trc?lpful i n  providing infor- 
mation and assistance t o  11s during t f l ~  dt?vclopmrnt of thew noted.  Thank5 a l s o  
KO to Armand Baitt!r, SEA/AfI,  Mandan, N. D a k , ,  who ~ a v e  11s penniss ir tn  t o  repra- 
dt~cra h;s  l o t  ter s t d t  t  i n g  out suggt~at  iirns for f i tandardizat  i cv  : ~?xpt?rim(!nt s ,  and 
t ~ )  . J ,  K. A R S P ,  SEA/AK, Sidney, Elnnt , ,  arrd . I .  t:. Prictt snrl E ,  C h n p p e l l e ,  NASA/ 
GSFC, who prov ided  ris w i t 1 1  d a t a .  
TIIE ELL CTROMAGNETIC SPECTRUM 
A b r i ~ f  r c v i ~ w  of tiit. t ~ l e c t r t ~ m n g n c ~ t i c  c:prctrurn may hta u s r f u l  fo r  those of 
us whose bopi~omore r , l < y s i c . ~  is ;i par t  of the F i n  disttlnt: p a s t .  For n d e t a i l e d  
d i s c u s s i o n ,  see  S u i t s  ( ~ Y X I ,  
E:lectrmnagnetic r n d i a L i o n  i s  ;i f r ) n  of r!nt?rgy dc*rivcd £ran o.scil l . , t i r ,g 
magnetic and e l e c t r o s t a t i c  f i c l d g .  I t  i s  ca;,nblci of being transmitted t h r a u g h  
space r r i t l - L  a v ~ l n c i t y  c = 3 x lfla . ' I S ,  The frequency ( v )  nf t!lectromagnetic 
rad ia t ion  i s  rt*lated to i t s  wav.!lc~r.:*.h ( A )  by 
~ q u a r i c ~ n  1 shows t r ~ ~ i t  ,.t *~.txq~~t-ncv i s i n v e r s ~ l y  pro$ort ional  to  the 
wave l (~ngth .  An aid t o  : l r .  v:.. r a l i z a t i o n  of t h i s  r c ? l a t i an sh ip  i c ;  given i n  
f igure  I .  I t  i s  emphr,,;izrh.~ t trnt  t h t a  figure is merely a representation i n  
F i g ~ ~ r e  1 .--Graphs of t h e  cosine.  These ctrrves f a c i l i t a t e  the visualization of 
the re lat ionship  between wavelength and frequency. 
that  t h t a  1 . 1  4 1 p ~ ~ r . t  i . , J I , ~  1i t  t o ~ ~ : i L ~ t t l t  w , i s  t iiktlii i ( f u r  Ji . ~ : r ; i ~ ~ i t ~ ~ i !  i .  I I ~ ~ ~ T F ~ I A : ;  } 
i t r f i l c : i i t l  c,t , l ~ t >  :tlm,. c j c I  . r f  l i > : ! i t  ( ' 3  x 1 ~ 1 ' ~  in/:,) ,11131 l i i i t f  j ' t ) : m i r i t l  ~ ~ ~ t ~ v t l : ~  :ii**~ I I L J ~  
n t ~ c c s s i i r i  Lv : 1 1 , .  t . tri ia r - r 3 p l r L : j r  i ~ ~ ; f t  icm rif  r,icii;lt i w i ~ v t  r ; .  Wi ti1 1 1 1 i c ;  it1 n~iticl, 
f 1gur.t:' I , 1 t q i ,  ~jk!c>w:; ;I L t i : :  j i ~ c *  w i  1 il ~i f . t ' f l q l t ~ z ~ i t . y  ( I F  4 ; i ~ t t i  ;1  WiiVt: lr:11~:1 1 1  r j f  1 / 4 ,  
1 t L 1 . t  i i I w i t  i 1 t 1 1 1  1 ' i i w v t l t  J i 2 ,  A t  
Cllc? buttcm, t t r t .  I1 .~ri~llnrrc.y is  1 atid tii,: w:lvt:ltbrl:;t [ I  1 : ;  1 . Tiiu!;, wrJ : , t i e  t t t ; i t  :is 
tht! wnvt?llt~li;t i. i i 1 i . r  c> i l : ; tb r ;  t  ti^ f l  t1qua4u~*v t i t b s : r t l , i . ; t : h .  
Tiic ? l v l . f  rljr~~~i;.,r~trt i k .  . ; i ) c - [ . t ~ l - t ~ i ~ ~  .; I ; : . : , , .  .ul,t t i  i 11 fip,rit-t .  % i n  t tanti:; cji bo th  
\~ . i f t t*It~ngth I I N o t  is t t t ' b t  w;iT;t.  l r ~ t l ; : t  r.:hi*li~t. t t . (mi  thtt :;lir)rt, l ~ r l t  
it i g t ~  tan*-1-i;~ , jr.~iii~~,t:l .4 :< 1 E ~ I I ; : ! ~  I I ~ R I I : ,  ( , i \  1 1 o t Lit, long ! ; o ~ i ~ t i  w:ivt!s :it 
3[)0 km, ;I f.il:tor elk 1 1 1 1 ~ ~  . i i l r l tt.rur 1 1 1 1 ,  vir;nlrlt~ r . ; i~~ . r . , c?  i:; o n l y  a s t n i i l l  part 
nf P l ~ t !  t>rrt i 7 . t '  . ; j ~ t a i t  ! uni. 
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E'igun-tl 2.--The eicctrmagnetic spectrum. 
Although somr  rt!~aot t! titmnHare t ~ t  i l i z c  [:amma rays and tlie u l t  cab i d l e t ,  most 
use the v i s i b l s ,  IK, ;lnd micrcrwavt!, Our  concern h e r e  is with the v i s i b l e  avd 
ZR. Zlowt?ver, impnr.t;int propreHa is being made in u s i n g  a c t i v e  (radar) and 
pass ive  microwavt!~ t o  riamot t?ly st-nsr1 i i g r i c u l t u r a l  scenes .  
I n  f i g u r e  3 ,  ttltl v i s i b l e  rind IK ~ o r t i n n s  of the  s p e c t r u m  a r e  expanded. 
Numbers on thc l i : ~  s c a l e  i n d i c a t e  wdve l eng th  i n  micrometers. Near, in te rmedi -  
a t e ,  and f a r  IR rc?y,ians art2 hhown. Tht! p o r t i o n  of tht? IR region most: u s e f u l  
Enr tenipernturc menaurtxrnents is between 8 and 14 ym, Po r t ab l e  I R  thermometers 
a r e  ava i l ab le  with e i t h 2 r  nr 8 -  t i r  I[+-urn l e n s  or narrower 10.5- t o  12.5-prn 
lcns,  The narrower window is  most o f t e n  u sed  on s a t e l l i t e  and a i r c r a f t  based 
sensors because less a tmospher ic  a b s o r p t i o n  occurs  i n  t he  narrower r e g i o n .  
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Figure 3 . - -  A por t ion  af t h e  electromagnetic spect rum r e l a t i n g  photographic  
in£  r a r e d  , t h m n a l  i n t r a r e d ,  and i n f r a r e d  thermometer  ranges t o  t h e  v i s i b l e  
and infrared reg ions .  
The thermal. EK reg ion  i s  f r e q u e n t l y  confused  with t h e  p h o ~ o g r a p h i c  ~ t + ,  
Photographic I R  i s  the  t r n n s i t i a n  r e g i o n  fram t h e  v i s i b l e  t o  t h e  near  I R .  
Color IK f i l m  is sensitive t o  r a d i a t i o n  u p  t o  abou t  0.9 urn, much s h o r t e r  t h a n  
ehc wavelengths of   he thermal IR. 
The v i s i b l e  and near  I K  r eg ions  are expanded i n  f i g u r e  4 .  The approximate  
wsvelrqgth i n t e r v a l s  f o r  LANDSAT and t h e  Exotcch (shown as MSS b a n d s ) ,  the PyiT 
2-band, and t h e  Mark I1 3-band are ?.lawn. The red bands f o r  t h e  PMT and Mark 
11 ins t ruments  arc n e a r l y  t h e  same and bo th  f a l l  e n t i r e l y  w i t h i n  t h e  MSS5 band 
of the  Exotcch and LANDSKI'. I n  t h e  I R ,  t h e  PMT and t h e  Msrk I1 have t h e i r  
lower wavelength l i m i t  w i t h i n  the  MSS6 band and their upper  l i m i t s  w i t h i n  t h e  
MSS7 b a n d .  The Mark I1 has a t h i r d  band i n  1 .55-  t o  1.75-m r e g i o n .  T h i s  i s  
c a l l e d  the wa??r a b s o r p t i o n  band, a s  i t  is r e p o r t e d  t o  be s e n s i t i v e  t o  water  i n  
vege t at  i o n .  
Figure 4. - -A portion of the electromagnetic spectrum which includes components 
of the  visible range and most of the near infrared. Approximate wavelength 
intervals  Ear LANDSAT and the Exotech (MsS) and for the i?NT and the Mark 11 
are shown, 
IRRADIANCE, RADIANCE, REFLECTANCE, AND LAMBERTIAN SURFACES 
Two terms that are used extensively i n  remote sensing research are radiance 
and ref lectance ,  They are easily confused with one another. We w i l l  attempt 
t o  give a simple explanation here. For deta i led  discussions,  see Silva (1978) 
and S u i t s  (1975) .  
On a sunny day, a t a rge t  I e .g . ,  a wheat f i e l d )  receives  both d i r e c t  and 
d i f f u s e  solar r a d i a t i o n .  This incoming r a d i a t i o n  is c a l l e d  irradiance, symbol 
E ,  units of watts per meter2 ( ~ m - 2 ) .  When the radiation strikes the target ,  
some is  reElccted, some i s  ~bsorbed ,  and some i s  transmitted, The a b i l i t y  of 
substances ( e . g . ,  soils and plants) to r e f l e c t ,  absorb, and transmit this radia-  
t i o n  varies considerably, thus presenting us with a method of extracting infor- 
mation about the substances .  The r a d i a t i o n  that i s  reflected £ran the target  
i s  called rat:ance, symbol L, u n i t s  of Wm-2. A hand-held radiometer rece ives  
radiation reflected from a target  i n  a direction within the f i e l d  of view of the 
instrument,  The sensors  within the  instrument react t o  the radiance and produce 
a voltage that can be measured, end by ca l ibrat ion ,  reiated t o  the radiance. 
We can write 
where C i s  a  c a l i b r a t i o n  f a c t o r  and V i s  t h e  v s l t a g e  response  of t h e  instrument 
t o  the  radiance L. 
We s t a c e d  e a r l i e r  t h a t  thc  rad!.anse was r a d i a t i o n  t h a t  was r e f l e c t e d  Erm 
a t a r g e t ,  implying that  t h e  amount r e f l e c t e d  is  a propertv of the  s u b s t a n c e  
c t>ns t i tu t i r lg  rhc  t a r g e t ,  T h i s  property  is c a l l e d  t h e  r e f l e c t a n c e ,  symbol R, 
u q i t l e s s ,  wi th  va lues  always less than one.  Thus 
From equa t ion  3 ,  we see t h a t ,  w i t h  K c o n s t a n t ,  L i s  d i r e c t l y  p r o p o r t i o n a l  t o  
t h e  i r r a d i a n c e .  T h i s  r e l a t i o n s h i p  limits t h e  d i r e c t  u ~ e  oE r a d i a n c e  measure- 
ments s i n c e  rhe  irrodiancc:  mn1ist a l s o  be s p e c i f i e d .  An obvious  s o l u t i o n  t o  t h i s  
problem i s  t o  c a l c u l a t e  r?f l l .c tnnces ;  however, t h i s  r e q u i r e s  a  measurement of 
E. A good apprnximatinn of E can be o b t a i n e d  by mt?asuring the  r a d i a n c e  from a  
t a r g e t  of known r e f l r c t a n c e ,  
Standard rellectance p l l t e s  can be made by c a r e f u l l y  app ly ing  a specia l  
I3aSO4 p a i n t  t o  a f l a t  me ta l  p l a t , ?  a f t e r  p r o p e r  p r e t r e a t m e n t  of t h e  m e t a l ;  
a l s o ,  Bas04 powder can be p ressed  i n t o  a f l a t  s h e e t  ( f o r  a d i s c u s s i o n  of r e -  
f l e c t a n c e  s t a n d a r d s ,  see Robinson and B i e h l ,  1 9 7 9 ) .  Standard  p l a t e s  of t h i s  
type a r e  h i g h l y  r e f l e c t i v e ,  on t h e  o r d e r  of 90 t o  95 percent .  When viewed a t  
ang les  from 0 ( n a d i r )  t o  about  4 5 ' ,  a r  i l l u m i n a t e d  Erom a n g l e s  l e s s  t h a n  45" 
£ran v e r t i c a l ,  Lfiry a r e  u s u a l l y  assumed to be Lambert i a n  s u r f  aces ,  a l though 
t h e r e  a r e  some d e v i a t i o n s .  A Lambert ian  s u r f a c e ,  o r  a  " p e r f e c t l y  d i f f u s e t t  
s u r f a c e ,  i s  a s u r f a c e  ! h a t  r e f l e c t s  e q u a l l y  i n  a l l  d i r e c t i o n s .  The r a d i a n c e  of 
a uniformly i l l t~mina tec l  Lambertian s u r f a c e  of i n f i n i t e  e x t e n t  i s  c o n s t a n t  f o r  
any viewing a n g l e .  P r e c i s e  d e f i n i t i o n s  and e x p l a n a t i o n s  of Lambertian su r -  
faces ,  r e f l e c t a n c e  f a c t c r s ,  and o t h e r  terms is  beyond t h e  scope of these notes ,  
S i l v a  (1978) presentetl  a thorough d i s c u s s i o n  of o p t i c a l  terms u s e f u l  i n  remote 
s e n s i n g .  We recommend r e a d i n g  S i l v a  ( 1 9 7 8 )  and o t h e r  a r t i c l e s  t o  o b t a i n  com- 
p l e t e  d e f i n i ~ i o n s .  
A s tandard  Bas04 p l a t e ,  c a l i b r a t e d  w i t h  a known s u r f a c e  of r a d i a t i o n ,  
w i l l  have a c o n s t a n t  r e f l e c t a n c e  Rp. If we have a p l a t e  near t h e  t a r g e t  of 
i n t e r e s t ,  we can measure the  r a d i a n c e  from t h e  p l a t e  t o  g e t  
and,  i n  a shor r  i n t e r v a l  of t i m e  such t h a t  E does  not  change a p p r e c i a b l y ,  mea- 
s u r e  t h e  unknown t a rge t  t o  get  
If we combine e q u a t i o n  4 a n d  5, we gee 
which i s  the  bidirectinnal r e f l e c t a n c e  f a c t o r  of t h e  t a r g e t  ( e , g , ,  wheat 
f i e l d ) .  If t h e  t a r g e t  (acd t h e  p l a t e )  approximate  Lamber t ian  s u r f a c e s ,  t h e  
r e f l e c t a n c e  facLor  R t  i s  independeqt  of i r r a d i a n c e  and viewing a n g l e s ;  how- 
e v e r ,  cropped f i e l d s  and s o i l  s u r k a c e s  a r e  u s u a l l y  not  Lamber t ian .  The radi- 
ances from t h e se  s u r f a c e s  a r e  dependent  upon t he  a n g l e  of i l l u m i n a t i o n  and t h e  
viewing angle .  The tern " b i d i r e c t i o n a l  r e f l e c t a n c e  Eactor" is used t o  i n d i c a t e  
the angular  dependence of t h e  mth?aurements. I n  t h e  following s e c t i o n s ,  we have 
used the  term " re f l ec tance"  i n  a g e n e r a l  s e n s e .  Where s p e c i f i c  measurements 
w i th  a hand-held radiometer  aye d i s c u s s e d ,  t h e  term " b i d i r e c t i o n a l  r e f l e c t a n c e  
f a c t o r "  may be more a p p r o p r i a t e  ( ~ o b i n s o n  and ~ i e h l ,  1979). 
VIEW AREAS OF MULTIBAND RADIOMETERS 
Multiband rad iomete r s  t h a t  a r e  s m a l l  enough t o  be hand-held usualLy con- 
s i s t  of two o r  more o p t i c a l  t u b e s ,  each c o n t a i n i n g  a l e h s  and d e t e c t o r  a s senb ly  
f o r  a p a r t i c u l a r  bandpass.  The t u b e s  are mounted p a r a l l e l  w i t h  each o t h e r  s o  
a s  t o  view approximate ly  t h e  same t a r g e t .  Although t h e  tubes  may be j u s t  a few 
c e n t i m e t e r s  a p a r t ,  t he  degree  of noncoincidence is s u f f i c i e n t  t o  cause  differ- 
ent bands t o  view somewhat d i f f e r e n t  scenes .  Thus, over nanhomogeneous t a r -  
g e t s ,  such as  c r o p s  p lanted i n  rows, one band may view predominate ly  s o i l  whi le  
t h e  s e c o ~ d  may view mostly p l a n t s .  The s e v e r i t y  of t h i s  problem d e c r e a s e s  as  
t h e  he igh t  t h a t  t h e  radiometer  i s  he ld  above t h e  t a r g e t  i n c r e a s e s  and t h e  4 1' 18- 
t a n c e  between t h e  tubes  d e c r e a s e s .  For hand-held radiometry ,  t h e  h e i g h t  t h a t  a 
rad iomete r  can be he ld  above a c r o p  i s  not  s u f f i c i e n t  t o  complete ly  e l i m i n a t e  
t h e  problem. It i s  i n s t r u c t i v e  t o  examine t h e  geometry of t h i s  s i t u a t i o n  t o  
g a i n  a  p e r s p e c t i v e  of i ts  s i g n i f i c a n c e .  
Area of  a s e c t o r  and a segment of a  c i r c l e :  The a r e a s  of c o i n c i d e n c e  f o r  
two or more over lapp ing  c i r c l e s  can be calcuLaced by using formulas f o r  t h e  
a r e a s  of s e c t o r s  and segments of  a  circle ( ~ a r s e n ,  19581.- F i g u r e  5 shows a 
s e c t o r  oE a c i r c l e  with c e n t e r  a t  A and r a d i u s  r .  The a r e a  of t h e  s e g m n t  
(As), t h e  p o r t i o n  bounded by t h e  l i n e  connec t ing  p o i n t s  B and D and t h e  a r c  
o f  t h e  c i r c l e ,  i s  t h e  area of t h e  s e c t o r  ( a r 2 / 2 )  minus t h e  area of  t h e  two 
t r i a n g l e s  of i d e n t i c a l  a r e a ,  ABC and ACD. That is, 
As = (r*/2) ( a  - s i n  a )  (7) 
Figure 5.--Sector of a  c i rc le ,  The segment of t h e  s e c t o r  i s  t h e  a r e a  bounded 
by t h e  a r c  of the c i r c l e  and t h e  line BD. 
where a = 2 cos-l(x/r), and x i s  the l eng th  of t h e  l i n e  AC. (8)  
Equnrions 7 and 8 form the  b a s i s  for c a l c u l a t i n g  c o i n c i d e n t  target  areas  
for two-, three-, and four -band  radiome terfi. 
.do-band rad iomete r s :  The c o i n c i d e n t  a r e a  f o r  a two-band radiometer  i s  
twice the area of t he  s G m e n t  of a c i r c l e  given by e q u a t i o n  7 ,  i .e . ,  
A, = r2 ( a  - s i n  U )  ( 9  
where x t o  be used i n  e q u a t i o n  8 is one-half of t h e  d i s t a n c e  between cen te r s  o f  
t h e  two tubes .  Figure 6 shows the target areas and c o i n c i d e n t  a rea  f o r  a two- 
band rad iomete r .  
F i g u r e  6.--Coincident  a r e a  of two o v e r l a p p i n g  c i r c l e s  of i d e n t i c a l  r a d i u s  
whose c e n t e r s  a r e  a t  poitrts A and E. 
Three-band rad iomete r s :  For a three-band rad iomete r ,  the  coincident  a r e a  
f o r  any t w o  bands is t h e  same as f o r  a two-band i n s t r u m e n t .  The co inc idence  
a r e a  fbr a l l  t h r e e  bands requires a b i t  mDre c a l c u l a t i o n .  The  geometry is  
shown i n  f i g u r e  7. We beg in  a t  the center QE one of t h e  t h r e e  c i r c l e s  (A) and  
draw l i n e s  to the i n t e r s e c t i o n s  of two adjo in ing  c i r c l e s  ( l i n e s  AB and AE). To 
get one- th i rd  of the co inc iden t  a r e a ,  c a l c u l a t e  the area of t h i s  segment and 
add t h e  areas of the two t r i a n g l e s  UCE and CDE. 
The centers of t h e  t h r e e  tubes  Eo~m a n  e q u i l a e e r a l  t r i a n g l e .  The distance 
AF = x i s  one-half of t h e  d i s t a n c e  between t h e  centers  of two tubes. The angle 
subtended by the  l i n e s  AF a n d  AC is  n/6, because  it is  one-half  of one of the 
n /3  cngles forming an e q u i l a t e r a l  t r i a n g l e .  The angle  s u b t e n d i n g  the a r c  BE is 
Using a i n  e q u a t i o n  7 ,  yields the area of t h e  segment. The d i s t a n c e  BD is  
r sin(a/21, and the  d i s t a n c e  CD i s  r cos(a/2) - x / c o s ( ~ / 6 ) .  The c o i n c i d e n t  
area i s  
A, = 3€(r2/2) ( a - s i n  a )  + r sin(a/2) [r cos(af2)  - x /cos (a /6 ) j  (11) 
Figure  7.--Coincident area of t h r e e  o v e r l a p p i n g  circles whose c e n t e r s  form a n  
equilateral triangle. The d i s t a n c e  x is  t h e  l e n g t h  of the Line AF and is  
one-half of the d i s t a n c e  between t h e  centers of two circles. 
Four-band rad iomete r s :  C a l c u l a t i o n  of t h e  c o i n c i d e n t  area ior two adjoin- 
i n g  rubes  of a four -band  rad iomete r  i s  t h e  same as  £or a two-band i n s t r u m e n t .  
The d i s t a n c e  x i s ,  again, one-half of the distance bet -  en t h e  c e n t e r s  of two 
a d j o i n i n g  tubes. ZE the f o u r  tubes form a rectangle, hie c o i n c i d e n t  area f o r  
diagonal tubes can be c a l c u l a t e d  using equations 8 and 9 w i t h  x be ing  one-half 
t h e  d i s t ance  between d i a g o n a l  t u b e s ,  which is  t h e  s q u a r e  root  of two r imes t h e  
distance between a d j o i n i n g  tubes. 
The c o i n c i d e n t  area f o r  t h e  f o u r  tubes  c a n  be o b t a i n e d  by c a l c u l a t i n g  the  
area of a segment, adding the  area of two identicaL triangles, and m u l t i p l y i n g  
by 4 .  Figure  8 shows the coincident area for four overlapping t a rge t  areas for 
a four-band radiometer. The p o i n t s  !L, B, E, and H represent centers of the 
f o u r  t u b e s  wi th  a common center at  C. The s e c t o r  of i n t e r e s t  i s  ADG. The 
angle subtending the lines AC and AJ is 71/4. The a n g l e  subtending the arc DG is 
F i g u r e  8 .--Coincident area for f o u r  over lapp ing  c i r c l e s  whose centers form a 
square, The distance x is  t h e  l eng th  of the l i n e  AJ and is one-half of t h e  
d i s t a n c e  between c e n t e r s  uf  a d j a c e n t  c i r c l e s .  
The  distance DF is r s i n ( u / 2 )  and  the d i s t a n c e  CF i s  r cos(a12) - 2 1 1 2  x .  
The c o i n c i d e n t  area  i s  
Rat.ios of co inc iden t  a rcas  t o  t a r g e t  areas: The r a t i o  of a c o i n c i d e n ~  
- 
area t h e  t o t a l  target area for a tube can be c a l c u l a t e d  a s  a f u n c t i o n  of 
h e i g h t  above a ta rgek .  The c l o s e r  t h i s  r a t i o  approaches I ,  t h e  l e s s  error w i l l  
be encountered in the  s p e c t r a l  d a t a .  For  t h i s  c a l c u l a t i o n ,  we need t o  s p e c i f y  a 
f i e l d  of view (FOV) and t h o  dis tances  between cen te r s  of Lhe o p t i c a l  tubes f o r  
p a r t i c u l a r  ins t ruments .  Far t h i s  d i s c u s s i o n ,  we w i l l  use  t h e  Mark I1 3-band 
radiometer  and t h e  Exotech 4-band r a d i m e t e r .  Both i n s t r u m e n t s  have a 15"  
FOV c a p a b i l i t y .  The d i s t a n c e  between tubes Eor t h e  three-band ins t rument  i s  
3.8 em, and 6.35 f o r  che four-band instrument. The r e l a t i o n  between t h e  r a d i u s  
of the  t a r g e t  area and t h e  h e i g h t  of the rad iomete r  (h)  i s  
For a 15"  FOV, r = 0.132 h. The d iamete r  of a t a r g e t  c i r c l e  i s  26 .4  c i  when 
t h e  rad iomete r  i s  held  a t  1 m, and 52 .7  cm when held  a t  2 m .  I n  o t h e r  kmrds, 
the  d iamete r  is  roughly one-fourth of t h e  h e i g h t  t h a t  t h e  r a d i o m e t e r  is l e l d .  
This is  a u s e f u l  approximat ion when e s t i m a t i n g  t a r g e t  a r e a s  o v e r  row crofs.  
Figure 9A shows the  r a t i o  of t h e  c o i n c i d e n c e  a r e a  t o  t h e  t a r g e t  arerr as a 
f u n c t i o n  of t h e  r a d i m e E e r  h e i g h t  above the t a r g e t  f o r  t h e  Mark I1 3-band and 
t h e  Exotech 4-band ins t ruments .  A t  2 rn i n  h e i g h t ,  any  two bands of t h e  three- 
band ins t rument  w i l l  view about 9 1  percent  of the same a r e a .  A t  1 m, about  82 
percent of t h e  same area is  v iewed.  Tile c o i n c i d e n t  a r e a  Ear a l l  three  bands i s  
abou t  87 p e r c e n t  at  2 m ,  dropping t o  74 p e r c e n t  a t  1 m .  
The g r e a t e r  t u b e  s e p a r a t i o n  of t h e  Exotech 4-band causes  a smaLler co inc i -  
dent  area t h a n  for  t h e  three-band.  F igure  9 B  shows t h e  ratio f o r  two a d j a c e n t  
bands, two diagona l  bands ,  and Eor a l l  four bands f o r  t h i s  i n s t r u m e n t .  A t  2 m,  
t h e  ratio i s  85 percen t ,  d r o p p i n g  t o  70 p e r c e n t  a t  I m .  The  r a t i o  f o r  t h e  
four-band c o i n c i d e n t  area i s  7 1  percen t  a t  2 m a n d  47 pe rcen t  a t  1 m. 
We have considered on ly  t he  h e i g h t  p e r p e n d i c u l a r  t o  a f l a t  Cnrget. I n  a 
f i e l d ,  t h e  s o i l  surface i s  cnnsidered t h e  flat target, and che r a d i o m e t e r  is 
h e l d  v e r t i c a l l y  a d i s t a n c e  h above t h e  s o i l .  P l a n t s ,  p r o t r u d i n g  above t h e  su r -  
face,  a l t e r  the p i c t u r e  somewhat. C o n s i d e r  a s i t u a t i o n  i n  a f i e l d  where Lhe 
rad iomete r  i s  h e l d  2 m above the soil surface. If plants a r e  i n  the  scene ,  t h e  
c o i n c i d e n t  a r e  w i l l  be less for t h e  t o p s  of t h e  p l a n t s  than  a t  the s o i l  su r -  
face .  F i g u r e  10 shows a s i d e  view and a  t o p  view of w h a t  a s i n g l e  band (15' 
FOV) rad iomete r  "seesf '  when h e l d  2 m above t h e  s o i l  s u r f a c e .  The c e n t e r s  of 
t h e  p lan t  rows (des igna ted  by t he  h o r i z o n t a l  Lines)  a re  0.3 m apart  (approxi-  
mately the  row spac ing  of wheat i n  the  n o r t h e r n  Great P l a i n s ) ,  t h e  row w i d t h  is 
0 , l  rn and t h e  p l a n t  h e i g h t  is  0 . 2  m .  
A t  2 rn, a 15"  FOV r a d i o m e t e r  w i l l  see p o r t i o n s  of 1-1/2 rows of p l a n t s ,  
depending upon where the rad iomete r  was l o c a t e d  above t h e  row. Depending upon 
l o c a t i o n ,  it i s  p o s s i b l e  t h a t  t h e  r a d i o m e t e r  could  view mast of two planL rows 
i n  one i n s t a n c e  a n d  a n l y  s l i g h t l y  over one row i n  a n o t h e r .  S i n c e  i t  i s  d i f f  i- 
cult t o  hand-hold a rad iomete r  much h i g h e r  Chan 2 rn, i~ i s  necessa ry  t o  t a k e  a  
s e r i e s  of measurements a t  var ious  h o r i z o n t a l  l o c a t  ions (maximum h e i g h t )  a c r o s s  
the rows i n  o r d e r  t o  g e t  a n  adequa te  sample of t h e  r e f l e c t a n c e  p r o p e r t i e s  of 
the  e n t i r e  p l o t .  This problem can be reduced by increas ing  t h e  f i e l d  of view 
of the  ins t rument ;  however, the  danger  e x i s t s  of getting p o r t i o n s  of t h e  opera- 
t o r ' s  body i n  t h e  radiometer  scene, F i g u r e  11 d e p i c t s  t h i s  p o s s i b i l i t y  i n  t h e  
Eonn of a pe r son  s t and ing  on a p lank  ( t o  i n c r e a s e  r a d i o m e t e r  h e i g h t )  h o l d i n g  a 
radiometer. Two f i e l d s  of view, 15" and 24", a r e  shown. The edge of t h e  24" 
scene i s  about 20 crn from t h e  p l a n k .  The r a d i o m e t e r  i s  shown l e v e l .  I n  prac- 
t i c e ,  ic is  very d i f f i c u l t  t o  ho ld  a rad iomete r  sufficiently l e v e l  t o  g u a r a n t e e  
no "foreign" bod ies  i n  t h e  scene,  Fur thermore ,  t h e  t o t a l  f i e l d  of view i s  
u s u a l l y  somewhat l a r g e r  t h a n  t h a t  s p e c i f i e d  by t h e  manufacturer .  P e r i p h e r a l  
HEIGHT ABOVE TARGET CM) 
Figure 9 .--Ratio of c o i n c i d e n t  area to target area versus height  above target 
for a th ree-band and a four-band radiometer. For the  Mark 11 3-band, the 
upper l i n e  c o n s i d e r s  any two of t h e  t h r e e  bands and t h e  lower  line considers  
t h e  co inc ident  area for a l l  three bands .  For t h e  Exotech, t h e  upper l i n e  i s  
for two a d j a c e n t  bands ,  t h e  middle  line is for ewo diagona l  bands, and the 
lower l i n e  is  f o r  all Four bands. 
Figure 10,--Side and top v iews of a 15"  FOV s i n g l e  band radiometer. 
The  s ca l e  is i n  meters. 
regions outside of t h e  tarqe t a res  influence t h e  r a d i a n c e  neauurentcnts because  
t h e  angles of acceptance of t h e  lenses are  not s h a r p l y  d e f i n e d .  
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The concept  of radiometric p l a n t  cover  o r i g i n a t e s  f r a n  t he  geometr ic  facr 
t h a t  the s ide  a s  well  as t h e  t o p  o f  an o b j e c t  p r o t r u d i n g  above a surface will be 
seen i f  viewed from an angle.  Furthermore, t h e  object  w i l l  obscure  p a r t  of t h e  
surface as viewed from a radiometer .  If the ob,ject  is a row of p l a n t s ,  more 
vege ta t i on  and less soil will be seen as t h e  view angle  increases. Jackson e t  
a l .  (1979) developed a model that calculates t h e  f r a c t i o n s  of soils, p l a n t s ,  and 
t h e i r  shadows, as seen by an a i r b o r n e  s c a n n e r  viewing a c r o s s  p lan t  rows. We have 
used a s imi lar  approach t o  deve lop  a model ( d e t a i l s  w i l l  not be p resen ted  here) 
for the  c i r c u l a r  view Erom a hand-held radiometer. T h e  m,sdel assumes t h a t  p l a n t  
rows can be approximated by r e c t a n g u l a r  b l o c k s ,  We w i l l  p r e s e n t  some c a l c u l a t e d  
r e s u l t s  t o  demonstrate how t h e  fraction of p l a n t  cover  seen by t h e  rad iomete r  may 
change when t h e  radiometer  height is  changed, t h e  plants grow, the row s p a c i n g  
i s  changed, and the  degree of a c t u a l  plant: cover  i s  changed. The "ac tua l "  p l a n t  
cover is the f r a c t i o n  of p l a n t  m a t e r i a l  t h a t  covers t h e  ground. It is t h e  row 
F i g u r e  11.--Side view of an  o p e r a t o r  h o l d i n g  a rad iomete r .  Two f i e l d s  of view 
a r e  shown. The i n n e r  two lines a r e  Ear a 15' FOV and the o u t e r  two f o r  a 24" 
FOV. The s c a l e  is i n  meters. 
w i d t h  d iv ided  by row spac ing .  I n  this c a s e ,  p l a n t  h e i g h t  is  not a factor. T h e  
a c t u a l  plant cover w i l l  s e r v e  a s  a r e f e r e n c e  by which t o  compare t h e  " radio-  
metr ic"  p l a n t  cover .  
A s  noted e a r l i e r ,  the r a d i o m e t r i c  plant cover will depend on t h e  p o s i t i o n  
of t he  radiometer  with r e s p e c t  ro  row s t r u c t u r e .  The extreme s i t u a t i o n s  a r e  
when the l e n s  i s  d i r e c t l y  o v e r  t h e  c e n t e r  of z p l a n t  row and when it i s  directly 
over the center  of the  exposed s o i l .  We caLcuLated what a rad iomete r  would see 
a t  t h e s e  ext remes f o r  various v a l u e s  of r ad iomete r  h e i g h t  above the  s o i l  sur- 
f a c e  for several plan t  h e i g h t s ,  row spac ings ,  row widths ,  and f o r  two f i e l d s  of 
view (15"  common t o  both  t h e  Exotech and t h e  Mark 11 and t h e  24"  of t h e  Mark 
11). F i g u r e  1 2  shows a s i d e  and a top  view of a r sd iomete r  h e l d  a t  he igh t s  of  
1, 2 ,  and 3 m, In t h e  top  v iew,  t h e  i n n e r  c i r c l e  r e p r e s e n t s  t h e  view from 1 m; 
t h e  middle circle, t h e  view from 2 m; and the o u t e r  c i r c l e ,  t h e  view from 3 m. 
Examination of t h i s  f i g u r e  shows how t h e  r e l a t i v e  f r a c t i o n s  of s o i l s  and p l a n t s  
change with changes i n  r a d i o m e t e r  h e i g h t .  Subsequent f i g u r e s  i n  t h i s  section 
w i l l  show on ly  t h e  r e l a t i v e  f r a c t i o n  of p l a n t  m a t e r i a l  i n  t h e  scene  of a  radio-  
meter  held  at two locations a s  t h e  r a d i o m e t e r  i s  r a i s e d  from 0.5 t o  5 m, 
Case I ,  row spacing = 0 . 3  rn, row w i d t h  = 0.15 m, FOV = 15": Figure  13 
shows the  radiometr ic  p l a n t  cover  aa r e l a t e d  Lo rad iomete r  he i ah t  f o r  zero p l a n t  
- 
h e i g h t .  This  f i c t i t i o u s  s i t u a t i o n  shows t h e  symmetry of t he  f r a c t i o n  of p l a n t  
cover  viewed by the  rad iomete r  when h e l d  a v e r  the  p lan t  row and over  t h e  s o i l ,  
T h e  average of the two l i n e s  would be  t h e  a c t u a l  p l a n t  cover  ( d e s i g n a t e d  by t h e  
dashed l i n e ) .  The symbols merely i d e n t i f y  t h e  l i n e s ,  t h e  c i r c l e s  d e s i g n a t e  the 
view over a p l a n t  row, and t h e  crosses r e p r e s e n t  t h e  view over  t h e  s o i l  sur-  
face .  N a t i c e  how t h e  l i n e s  c r i s s c r o s s  as h e i g h t  is  i n c r e a s e d .  A t  about: 1.75 m, 
about 40-percent plan t  c o v e r  i s  observed when t h e  radiometer i s  c e n t e r e d  over 
t h e  p lan t  row and about 60 p e r c e n t  when c e n t e r e d  over t h e  soil. The a m p l i t u d e s  
oE the  swings decrease with h e i g h t  but are s t i l l  observable a t  5 m. The s i g n i f -  
Figure 1 2 . - - S i d e  and top views of a 15' FOV radiometer h e l d  a t  three he ights ,  
The scale is i n  meters. 
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Figure 13.--Radiometric p l a n t  cover as a function of height above soil surface 
for a radiometer h e l d  over the plant row (circles) and over the exposed s o i l  
(crosses) ,  f o r  a 15"  FOV instrument, p l a n t  height lwidth  ratio is zP.-o. 
icance of tllv p l  #)port i on  bt~twt!c~n plant H and m i l  becanes c lenr when one cons id- 
ers that  t l l ~  reflertancti of stjil i n  the  v i s i b l e  (red)  rtlginn may be 3s much as  
10 times rhat  of grtaen pl , lnt  m a t e r i a l .  
Figure 14 shows r e a u l ~ s  of cn lcu la t io r r  f o r  a p l a n t  l l e i g l ~ t / w i d t h  r a t i o  of 1 ,  
i , a . ,  a p lan t  h e i g h t  o f  0 .15 m. Note ~ l l r !  asymmetry of t h e  two l i n e s .  The aver- 
age of t h e  two would y i e l d  n radiomet?  c p l a n t  r( ,*r of about  53  p e r c e n t  as  cm- 
pared wi th  t h e  arturrl o f  50 p e r c e n t .  Figure, 15 bhaws similar r e s u l t s  for a 2: 1 
h c i g h t / w i d t h  r a t i o .  The d r g r r c  of nsynlmetry i n c r e n s c s ,  and the average rad io -  
metric plant cover brcomes about  56 percent.  When t h e  h e i g h t  is  i n c r e a s e d  tc 
0.45 rn, a 3 : l  r a t i o ,  t h e  asymt!try is g r e a t e r  ( f i g .  16) .  After  t h e  f i r s t  c ross -  
over ,  the l i n e s  never go below t h e  a c t u a l  p l a n t  cover l i n e  (dashed l i n e ) ,  and 
t h e  average at 5 m i s  about 58 p e r c e n t ,  
F i g u r e  
I 
I 
I!. A 0 : .  . .:Y ' 0:. ' .:a ' L!. 
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as f i g u r e  13  except p l a n t  h e i g h t l w i d t h  ratio i s  1. 
Case 2 ,  row spa,ccingg= 0.3  rn, row width  = 0.15 m, FOV = 2 4 " :  When t h e  f i e l d  
-
of view i s  increased ,  a r ad iomete r  w i l l  fiee more v e g e t a t i o n .  $ igure  17 shows 
t h e  s i t u a t i o n  f o r  1: 1 heigt i t /width  r a t i o  and 24"  FOV. The same p a t t e r n  holds  a s  
d i d  i n  f i g u r e s  1 3  t o  16 ,  bu t  t h e  ampl i tude of t h e  swings i s  less and t h e  radio- 
metric p lan t  cover i s  g r e a t e r  ( abou t  55  p e r c e n t ) .  Increasing plant: height to a  
2: l  r a t i o  yields an  average r a d i m e t r i c  cover  of nearly 60 p e r c e n t  (fig. 183, 
and a  3:l r a t i o  (fig. 19) i s  abou t  63  pe rcen t .  
The lower ampl i tude of t h e  swings would i n d i c a t e  t h e  d e s i r a b i l i t y  of in-  
creasing the  FOV of t h e  radiometers; however, t h i s  i n c r e a s e s  the b i a s  towards  
p l a n t s  and the  l a r g e r  f i e l d  of view may c a u s e  t h e  o p e r a t o r ' s  feet o r  o t h e r  out- 
o f - t a r g e t  m a t e r i a l s  to  be viewed ( s e e  discussion i n  p rev ious  s e c t i o n ) .  
Case 3,  row s p a c i n g  = 1 m ,  row wid th  = 0.5 m ,  FOV = 1 5 " :  This case is 
representative of p l a n t s  such as c o t t o n  and corn. Figure 20 shows calculations 
R f l D f O M E T R I C  PLANT COVER 
F i g u r e  15,--Same as figure 13 except plant heightlwidth r a t i o  is 2. 
RADIOMETRIC PLANT COVER 
Figure 16.--Same as  figure 13 except plant  heightlwidth ratio is 3 .  
f o r  a p l a n t  h e i g h r  of 1 m, and a 2: 1 heightlwidth ratio. This  s i ~ c l a t i o n  i s  
s imi l a r  t o  a c o t t o n  crop i n  June  i n  ~rizona. Obviously, adequate data could 
not be obcained with ark operator s tanding  on the s o i l  holding a radiometer. It 
would be p r e f e r ab l e  t o  have t h e  ins t rument  abo-?e 5 m. Figure 21 si~ows calcula- 
t i o n s  for  a 3 : l  ratio, somewhat representative of corn. Apparently, adequate 
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figure 13  except 24" F O V ,  p l a n t  heigh t/widch r a t i o  
I .= I 
RADIOMETRIC PLANT COVER 
Flgure 18.--Same as figure 13  except 24" FOV, plant height/width r a t i o  i s  2 ,  
d a t a  could not be obta ined  unless t h e  radiometer was h e l d  considerably higher 
than 5 rn. 
The asymmetry shown in figures 20 and 21 i n d i c a t e s  that t a k i n g  a r e a d i n g  
over a row and another over t h e  furrow and a v e r a g i n g  the two may not y i e l d  a 
i $1 ' ,:L # I # : B  @:I i!. 
RflDIOMETRIC PLANT COVER 
Figure 19.--Same 3s f igure 1 3  excep t  24" FOV, p l a n t  h e i g h t / w i d t h  
r a t i o  is 3 .  
l i e  ' ale ' r:r ' I ; B  ' e : ~  ' i!a 
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Figure 20.--Radiometric planL cover versus radiometer height above s o i l  sur- 
face  for a 15"  FOV i n s t r u m e n t .  Bow sp:'tcing 1 m, p l a n t  height I m, row width 
0 . 5  m ,  c o n d i t i o n s  s imilar to cotton in June in Arizona. 
s u f f i c i e n t l y  accurate value for the composite scene .  A Inore appropr ia te  scheme 
may be to take a number of read ings  a s  the radiometer i s  moved fran over the  row 
t o  aver the furrow. The higher  the  p l a n t s  and the wider t h e  row spacing,  the 
more care must be used i n  making the measurements and i n  interpreting the data.  
Figure  21 . -  
RADIOMETRIC PLANT COVER 
,-Same as f i g u r e  20 except p l a n t  h e i g h t  is  2 m ,  height/width r a t i o  
3, c o n d i t i o n s  s i m i l a r  t o  a corn  c rop .  
VEGETATION INDICES 
A s p e c t r a l  v e g e t a t i o n  index i s  a q u a n t i t y  ob ta ined  d i r e c t l y  o r  by r a t i o i n g ,  
d i f f e r e n c i n g ,  o r  otherwise t r ans fo rming  spe1:tral d a t a  t o  r e p r e s e n t  p l a n t  canopy 
c h a r a c t e r i s t i c s  such as l e a f  area index ,  bio~;l.qss, g r e e n  weight ,  dry  we igh t ,  per- 
cent cover ,  and so on. Th i s  d e f i n i t i a n  vas f u r n i s h e d  by C r a i g  Wiegand i n  a 
l e t t e r  dated  9 May 1978. In  a d d i t i o n ,  h i s  L e t t e r  con ta ined  comments t h a t  are 
very  p e r t i n e n t  t o  t h e  s u b j e c t  of t h i s  workshop. These comments ( e d i t e d  somewhat 
t o  f i t  into t h i s  d i s c u s s i o n )  are r e p r e s e n t e d  i n  t h e  following paragraph.  
There appears  t o  be a growing confus ion  i n  the  l i t e r a t u r e  and In conversa-  
t i o n s  wi th  i n d i v i d u a l s  over  what a g iven  person means when t h e  words " v e g e t a t i o n  
index" a re  used.  Unt i '  r e c e n t l y ,  most s p e c t r a l  d a t a  i n  t h e  l i t e r a t u r e  came from 
LANDSAT i n v e s t i g a t i o n s .  Now, however, r e s u l t s  a r e  becoming a v a i l a b  Le frml t h e  
NASA f i e l d  measurements program ( t r u c k ,  h e l i c o p t e r ,  and a i r c r a f r  mounted de- 
v i c e s )  and from hand-held r a d i o m e t e r s  such a s  those  used by J i m  Tucker a t  NASA/ 
GSFC and some SEA/AR groups .  Some LANDSAT i n v e s t i g a t o r s  r o u t i n e l y  a d j u s t  read-  
i n g s  f o r  s e a s o n a l  and sun  a n g l e  v a r i a t i o n s ,  and some l o c a t i o n s ,  such as t h e  
Environmental  Research I n s t i t u t e  of Michigan ( E R I M ) ,  have the  c a p a b i l i t y  for 
a d j u s t i n g  the  data for  atmospheric a t t e n u a t i o n .  Thus, botn i n v e s t i g a t o r s ,  sen- 
s o r s ,  and the number of " ind ices"  a r e  To reduce t h e  c o n f u s i o n ,  
a u t h o r s  can: 
(1) Mention the s p e c i f i c  wavelengths and describe the sensor  system used .  
( 2 )  Clearly i n d i c a t e  whether i n c i d e n t  l i g h t ,  r e f l e c t a n c e  sesndards, o r  o t h e r  
n o r m a l i z a t i o n s  are ustx i .  
( 3 )  Describe any preprocess ing nf the  raw d a t a  bcfurc  i t  was used t o  c a l c u l a t e  
t h e  s p e c t r a l  parameters .  
( 4 )  Mathemat ica l ly  express  t h e  p a r t i c u l a r  parnrncter(s) c n l c u l a t e d  a t  l e a s t  once  
i n  r e p o r t s  or manuscr ip t s .  
tqe strongly concur w i t h  Wiegand's comments, The fo l lowing  d i scuss ions  of 
r a t i o s ,  normalized d i f f e r e n c e s ,  and aeher band colnbinat ions  t o  y i e l d  vegut a t  i o n  
i n d i c e s  h o p e f u l l y  w i l l  h e l p  t o  raduce confusion, For o t h e r  d i s c u s s i o n s  of 
vege ta t ion  i n d i c e s ,  see Richardson and Wiegand ( 1977) and Tucker ( 1979).  
Rat ios :  The r a t i o  of r a d i a n c e  o r  reflectance v a l u e s  From ewo bands is a 
s imple  and u s e f u l  v e g e t a t i o n  i n d e x ,  i f  t h e  bands a r e  p roper ly  chosen. One c r i -  
t e r i o n  f o r  choosing two bands  for  a r a t i o  v e g e t a r i a n  i n d e x  is that data from one 
band shou ld  d e c r e a s e  w i t h  i n c r e a s i n g  green v e g e t a t i o n  in the  scene, and d a t a  
from the otI ler  band should increase w i t h  i n c r e a s i n g  g reen  v e g e t a t i o n .  
F igure  22 shows s p e c t r a l  data from 0 .43  to 1 micrometer o b t a i n e d  by Ungar 
et  a l .  ( 1 9 7 7 ) ,  u s i n g  an a i r c r a f t  muunted spec t romete r .  Data f o r  a bare  s o i l  
f i e l d  and f o r  an a l f a l f a  f i e l d  a r e  given i n  t h e  saine Figure t o  show t h e  d i f f e r -  
ence i n  s p e c t r e  b r ~ w e e n  the two .  'The a l f a l f a  l i n e  i s  i n t e r r u p t e d  as i~ c ros se s  
the  s u ~ l  Line f o r  c l a r i t y  of p r e s e n t a t i o n .  c o n s i d e r  t l ~ p s e  p l o t s  o n l y  as rapre-  
s e n t a t i v e  sampl r s .  S p t ~ c t r a  Fur cltller . i u i l s ,  c rops ,  and even other a l f a l f a  
f i e l d s  may be som~what d i f  f r r e n t ;  however, t h e  genera l  shape w i l l  b e  t h e  s m e .  
The o rd inace  is i n  u n i t s  of rad iance ,  but t h e  s p e c i f i c  values a r c  no t  p e r t i n e n t  
t o  this d i s c u s s i o n .  OL i m p o r t a n c e  h e r e  a r r  t h e  r e l a t i v . 3  d i f i c + r e n c e s  be tween  
soils and p l a n t s  as t h e  wavelength i s  changed .  
WRVELENGTH CM ICROMETERS) 
Figure 22 . - -So i l  and a l f a l f a  spectra ( d a t a  of Ungar e t  a l .  1977). The dashed  
l i n e s  i n d i c a t e d  by "red" and "IR"  show t h e  red and ER hands of t h e  Mark I f  
hand-held radiometer .  
S t a r t i n g  a t  about 0 .43  pm, t h e  s o i l  spect rum i n c r e a s e s  t o  a maximum a t  
about  0.G5 Dm and tlitln s l ~ w l y  d e c r e a s e s  t o  a minimum at  abou t  0.94 pm. The 
a l f a l f a  spectrum s t a r e s  below the s o i l ,  h a s  a  smal l  peak near 0.55 pm, t h e n  
decreases t o  a minit..um a t  abou t  0.69 jlm, Eallowt?d by a  s h a r p  i n c r e a s e  (becoming 
almost: twice as h i g h  as  t h e  s o i l  spec t rum) ,  t e a c h i n g  a maximum a t  about 
0 . 7 5  pm. Above 0 . 7 5 ,  ~ h c  a l f a l f a  spectrum d e c l i n e s  but  does not go below t h e  
s o i l  spectrum, 
The band between 0.63 and 0.69 urn i s  known a s  t h e  chlorophyl :  a b s o r p t i o n  
hand aild is shown by dashed  l i n e s  a t  0.63 and 0 -69 pm i n  f i g u r e  22. Tucker 
(1979) reviewed t h e  v a r i o u s  wavelength r e g i o n s  wi th  r e s p e c t  t o  t h e i r  s e n s i t i v i t y  
for monitorir lg v e g e t a t i o n .  Wi th in  t h i s  band, t h e  s o i l  r a d i a n c e  is a t  a maximum 
and p l a n t  r a d i a n c e  i s  a t  a minimum. T h i s  i n d i c a t e s  t h a t  a  band w i t h i n  t h e  red 
p o r t i o n  of t h e  v i s i b l e  spec t rum i s  a  s e n s i t i v e  i n d i c a t o r  of green vegetat ion.  
F i g u r e  2 2  shows tha t  t h e  p l a n t  spectrum i s  a lmost  double  t h e  s o i l  spectrum 
w i t h i n  the  range of about  0 .75  t o  0.9 w ( p h o t o g r a p h i c  I R ,  fig. 4 ) .  The IR 
band of the Mark TI radiometer is  i n d i c a t e d  by t h e  second s e t  of dashed l i n e s  
(0 .77  t o  0.88 ~ l ~ n ) .  T h u s ,  a band i n  t h i s  r e g i o n  would a l s o  be s e n s i t i v e  t o  
v e g e t a t i o n .  The r a c i o  of a band t h a t  i n c r e a s e s  w i t h  i n c r e a s i n g  v e g e c a t i o n  
( n e a r  IR)  co a band t h a t  d e c r e a s e s  wit11  i n c r e a s i n g  v e g e t a t i o n  ( v i s i b l e  r e d )  
y i e l d s  a parameter  t h a t  i s  h i g h l y  s e n s i t i v e  t o  v e g e t a t i o n .  A h i s t o r y  and a 
d i s c u s s i o n  of t h e  IR/red r a t i o  is given by Tucker ( 1 9 7 9 ) .  
The iibove d i s c u s s i o n  p o i n t s  out advan tages  of us ing  an IK/red r a t i o .  
A c t u a l l y ,  r a t i o s  can be c a l c u l a t e d  For any two bands.  A second reason  f o r  
us ing  a r a t i o  as  a vegetat ion index i s  t h a t  r a d i a n c e  measurements can be  used 
d i r e c t l y ,  wi thout  converting t o  r e f l e c t a n c e  by r a t i o i n g  w i t h  r a d i a n c e  v a l u e s  
f r m  a s t a n d a r d  r c f l e c t a n c t ?  p l a t e .  I n  some c a s e s ,  t h e  i n s t r u m e n t  v o l t a g e s  a r e  
r a r i o e d ;  however, t h i s  makes a comparison of d a t a  from d i f f e r e n t  i n s t r u m e n t s  
d i f f i c u l t  because c a l i b r a t i o n  f a c t o r s  rnay be  d i f f e r e n t .  T h i s  can  be s e e n  by 
w r i t i n g  e q u a t i o n  2 f o r  hands, d e s i g n a t e d  as a and b ,  and r a t i o i n g ,  i . e . ,  
The r a d i a n c e  r a t i o  d i f f e r s  from t h e  vo lcage  r a t i o  by t h e  f a c t o r  Ca/Cb. 
Usua l ly ,  t h e  c a l i b r a t i o n  f a c t o r  f o r  one band is  not very d i f f e r e n t  from t h e  
o t h e r ;  however, i f  c a l i b r a t i o n  c o n s t a n t s  a r e  known, i t  is preferred t o  form t h e  
product  CV for  each band before r a t i o i n g .  
The r a t i o  of t h e  rad iances  of twa bands may d i f f e r  from the r a t i o  of t h e  
r e f l e c t a n c e s  of the snrne Lwo hands .  Again u s i n g  t h e  s u b s c r i p t s  a and b  t o  
denote t h e  t w o  bands, and using e q u a t i o n  3 ,  w e  have 
With e q u a t i o n  4, we can also  o b t a i n  t h e  i r r a d i a n c e  from measurements on a 
s t a n d a r d  r e f l e c t a n c e  p l a t e .  We have 
and Eb = Lbp/Rbp (18) 
farming t h e  ratio Ea/Eb u s i n g  e q u a t i o n s  17 and  18 and s u b s t i t u t i n g  i n t o  
equat ion 16 y i e l d s ,  
Thus, the  r a t i o  of t h e  r a d i a n c e  w i l l  e q u a l  t h e  ratio of t h e  r e  ctsnce only  
when t h e  r a d i a n c e  meflsured over  a s t a n d a r d  r e f e r e n c e  p l a t e  ( a t  very c lose  t o  
the same t ime as the  r a d i a n c e s  over  t h e  t ~ r g e t  a r e  measured) is oqual i n  t h e  
two  bands and when t h e  s t a n d a r d  p l a t e  r z t l e c t a n c e s  f o r  the two bands are e q u a l .  
We the re fa re  extend Wiegandfs comments t o  i n c l u d e  a r e q u e s t  t h a t ,  when 
r a t i o s  a r e  r e p o r t e d ,  the means of o b t a i n i n g  the r a t i o s  be s p e c i f i e d  ( i , e . ,  
vo l t age  r a t i o s ,  radiance r a t i o s ,  o r  r e f l e c t a n c e  r a t i o s ) .  
Normalized d i f f e r e n c e :  A normal ized difference i s  o r a t l o  of t h e  difEer- 
ence between va lues  f o r  two bands and t h e  sum of the v a l u e s  f o r  t h e  two bands.  
T h i s  r a t i o  was developed a s  a * ?ge ta t ion  index by Don Detiring and Bob Haas 
dur ing  a LANDSAT-1 rangeland s t u d y  and was d i s c u s s e d  by Rouse e t  a l .  (19731, 
Deering ec a l .  ( 1 9 7 5 ) ,  and Deer ing ( 1 9 7 8 ) .  They used t h e  LANDSAT IR and red  
c h a n n e l s  t o  form the d i f f e r e n c e  r a t i o  and named t h i s  r a t i o  t h e  Vege ta t ion  
Index, i. e .  , 
Subsequent ly ,  as more r e s e a r c h e r s  became involved and more da t a  becamc a v a i l -  
a b l e ,  the term "Vegeta t ion Index" became a p p l i e d  to almost a!l  band combina- 
t i o n s  used as a measure of v e g e t a t i o n .  Deering (1978) has since proposed t h a t  
this index  be named t h e  Normalized D i f f e r e n c e  (ND). We concur and w i l l  use  
t h i s  term i n  subsequent d i s c u s s i o n s ;  however, we w i l l  not r e s t r i c t  our d e f i n i -  
t i o n  of the N D  t o  t h e  red and I R  bands ,  bu t  w i l l  u s e  i t  as a g e n e r a l  term f o r  
any  two band d i f fe rence / sum r a t i o .  
Writing t h e  ND i n  terms of r a d i a n c e ,  we have 
We see t h a t ,  as with t h e  r a t i o ,  i t  should  be clearly s taLed  what bands a r e  
used,  and whether t h e  input: d a t a  a r e  v o l t a g e s ,  r a d i a n c e s ,  or  r e f l e c t a n c e s .  It 
i s  l e f t  a s  an e x e ~ c i s e  f o r  those  i n t e r e s t e d  t o  use t h e  r e l a t i o n  L = C V  i n  equa- 
t i l n  2 1  and t o  show that a d i f f e r e n t  value of ND w i l l  o b t a i n  i f  r e f l e c t a n c e s  
a r e  used i n s t e a d  of rad iances .  
Transformed ND: For scenes  i n  which t h e  v e g e t a t  ion  d e n s i t y  i s  Low, ND may 
become n e g a t i v e .  T h i s  can be seen by examinat ion of f i g u r e  22. For very  low 
v e g e t a t i o n  d e n s i t i e s ,  t h e  r a d i a n c e  w i l l  be n e a r l y  t h a t  of t h e  soil. In t h i s  
case, a band i n  t h e  r ed  r e g i o n  will have a l a r g e r  v a l u e  t h a n  a band i n  Lhe IR, 
and t h e  d i f f e r e n c e s  w i l l  be n e g a t i v e .  To avoid  the n e g a t i v e  v a l u e s  and t o  
m i n i m i z e  some p o s s i b l e  s t a t i s t i c a l  problems, a c o n s t a n t  0 .5  was added t o  t h e  
normalized d i f f e r e n c e  and a square - roo t  t r a n s f o r m a t i o n  was a p p l i e d .  Thus, 
TND = (ND + 0,5)1/2 (22) 
was defined, and i s  known as t h e  transformed NI), As a reminder, the  terminology 
"Norm~l ized  D i f f ~ r e n c ~ ' '  i s  r e l a t i v e l y  new, Most of the l i t e r a t u r e  uses t he  
t ~ m s  ' V c g t a ~ i i ~ i o n  Inrit~x" nnrl "Transformed V e g e t a t i o n  Index." 
Numerical example: 'The above d i s c u s s i v n  i n d i c a t e s  that r a t i o  and d i f f e r -  
ence  ra t io  v e g e t a t i o n  i n d i c e s  may not b e  t h e  same fo r  i n d i c e s  c a l c u l a t e d  us ing 
radiance values and those c a l c u l a t e d  u s i n g  reflectance va lues .  The degree o f  
d i f f e r e n c e  can  r e a d i l y  be sG?en using some a c t u a l  va lues  that were  obtained 
d u r i n g  a f i e l d  experiment u s i n g  an Exotech model lOOA hand , a l d  radiometer. 
The radiance data shown i n  t a b l e  1 were taken over a wheat p l o t  a t  1 1 3 5  MST on 
1 F e b r u d r y ,  1980. Twelve measurements were made over the  p lo t  and 12 were made 
over a Bas04 p l a t e  i m m ~ d i a t r l y  a f t er  (within one minute) .  The raw data  were 
averaged aad converted to  radiances  using equat ion 15 and the  c a l i b r a t i o n  
factor:; suppl ied by the  in s t rument  manufacturer. Values f o r  the  Bas04 p l a t e  
r e f l ec t ance  (lip) were l o r  a p l a c e  loaned t o  u s  by LARS, Purdue U n i v e r s i t y .  
The actual  p la te  used i n  those exper iment s  was constructed i n  a s i m i l a r  manner 
t o  the LARS plate;  however, the  true v a l u e s  aE Rp may d i f f e r .  For  t h i s  d i s -  
c u s s i o n ,  the absolute  value  of the  p l a t e  ref lectance  is not: important. The 
concept s  involved will not b e  altered by a smal l  d i f f e r e n c e  i n  t h e  numbers, 
T a b l e  1.--Spctrdl clatd tdken over d w h ~ d t  plot an4 a UdS04 reflectance 
pllate, u s i m ~  dn  Exotech model  l O U A  hdnd-lleld radiometer 
S p e c t r a l  hand 
Target radiance 
(Lt) (w/rn2) 
naSO4 p l a t e  
radiance ( L p )  (w/m2) 7 5 . 1 2  92.01 7 2  -68 95.98 
Bas04 p l n t e  
rcElectance ( R ~ )  
Target ref lectancs 
(Rt 1 0.047 0.042 0.273 0.390 
Irradiance 
I 1 = L ~ / R ~ )  (w/m2) 79 -66 97.68 77.24 102.43 
Irradiance va lues  were calculated us ing  equat ions  17 and 1 8 .  The data i n  
t a b l e  I were used to ca1cuLate  ratios and normalized differences for s e v e r a l  
two-band combinations of the four bands of the Exotech. These d a t a  are pre- 
sen ted  i n  t a b l e  2 .  I n  t h e  t a b l e ,  t h e  bands are a s s i g n e d  t h e  l e t t e r s  a and b t o  
f a c i l i t a t e  t h e i r  use i n  e q u a t i o n s  16 and  21. 
Two v i s i b l e  bands, such as MSS4 and MSSS, are not  o f t e n  used t o  calculate  
v e g e t a t i o n  i n d i c e s ;  however, t h e  r e s u l t s  i n  rabLe 2 show that ,  i f  used ,  the 
rad iance  and r e f l e c t a n c e  r a t i o s  may d i f f e r  by about  20 p e r c e n t ,  and t h e  ND even 
changes s i g n .  The bands MSS6 and MSS5 can b e  c o n s i d e r e d  as  IR and r e d .  The 
ratio MSS6/MSS5 is 27 p e r c e n t  d i f f e r e n t  when r a d i a n c e s  r a t h e r  than r e f l e c t a n c e s  
are used. The ND i s  about  9 pe rcen t  d i f f e r e n t .  MSS7 and MSS5 are two f r e -  
quently used bands For c a l c u l a t i n g  t h e  r a t i o  and t h e  ND. T h e s e  bands show less 
Lhan 5 percent d i f f e r e n c e  f o r  t h e  r a t i o ,  and t h e  ND h a s  less than 1 p e r c e n t  
d i ff erence  . 
T a b l e  2 ,--Band ratios and normalized diEfe~:ences calcul t t ted  u s i r g  radiance 
ratios and reflectance r a t io s  of spectral da ta  obtained over wheat with a n  
Exotech nwdel l O O A  hand-held radiometer. The symbols L and R indicate that 
values used for  the indices tvere radiance and reflectance, respectively 
Band combinat ion 
used in equations 
16 and 21  
R a t i o  Normalized d i f f e r e n c e  
Examinacian a£ e q u a t i o n s  1 7 ,  18, and 19 shows t h a t  t h e  rad iance  r a t i o  
d i f f e r s  from t h e  r e f l ec t ance  r a t i o  most ly  by the ratio of the i r r ad iance  o f  
t h e  two bands.  The i r r a d i a n c e  v a l u e s  shown i n  t a b l e  2 are, t h e r e f o r e ,  the key 
t o  t h e  diEEerences observed.  Irradiance v a l u e s  of MSSS and MSS7 are not very 
d i f E e r e n t  from each o t h e r  bu t  are q u i t e  d i f ferent  from v a l u e s  of MSS4 and MSS6. 
The use of MSSS and MSS7 in v e g e t a t i o n  i n d i c e s  would no t  show much d i f f e r e n c e  
whether  r a d i a n c e  or r e f l e c t a n c e  v a l u e s  were used.  Combinations of bands t h a t  
show q u i t e  d i f f e r e n t  i r r a d i a n c e  v a l u e s  w i l l  e x h i b i t  t h e  l a r g e s t  d i f f e r e n c e  bet- 
ween those v a l u e s  ct z u l a t e d  w i t h  r a d i a n c e s  and r e f  lectances. 
This example underscores  t h e  need f o r  c a r e f u l l y  d e s c r i b i n g  how various 
i n d i c e s  are c a l c u l a t e d  and shows t h a t  the  irradiance i s  not t h e  same i n  every  
band.  This l a t t e r  point  p l a y s  a ro le  when d a t a  o b ~ a i n e d  from i n s t r u m e n t s  with 
d i f f e r e n t  band wid ths  are compared. 
P e r p e n d i c u l a r  Vege ta t ion  Index: In a d d i t i o n  t o  r a t i o s  and d i f f e r e n c e  ra -  
t i o s ,  many o t h e r  combinations of s p e c t r a l  bands have been usrd a s  v e g e t a t i o n  
i n d i c e s .  The Perpcr ld icu la r  V e g e t a t i o n  Index (PVZ) of  Richardson and Wiegand 
( !3 ;77 )  s t a n k  out among t h e s e .  The development of t h e  PVI Erlllows many of t h e  
arguments used by Kauth and Thomas (1976) t o  produce  t h e  " t a s s e l e d  capi' model 
of v e g e t a t i o n  development. Whereas Kauth and Thomas used v e c t o r  a n a l y s i s  i n  
Eaur d imensional  space t o  produce a t a s s e l e d  cap  ( a  p l a t  of t h e  d a t a  looks  l i k e  
a t a s s e l e d  c a p ) ,  Richardson and Wiegand used a l g e b r a i c  r e l a t i o n s  i n  two dimen- 
s i l ~ n s ,  Bo t t~  groups  used LIZNDSAT d a t a  a s  t h e  b a s i s  f o r  t h e i r  developments.  
We w i l l  use a two dimensional  approach s i m i l a r  t o  t h a t  of Richardson and 
Kiegand (.L1377). Kauth and Thomas (19761 and Richardson and Wiegand (1977) 
showed t h a t  a p l o t  of  LANDSAT d i g i t a l  d a t a  Erom bare s o i l  f i e l d s  of WS7 (IR) 
v e r s u s  XSS5 ( r e d ) ,  a r  MSS6  (IK) v e r s u s  MSS5 ( see  f i g .  4 o r  t a b l e  1 Ear wave- 
l e n g t h  regions cor respond ing  to t h e s e  band numbers) y i e l d e d  a s t r a i g h t  l i n e .  
Richarrlson and bliegand commented t h a t  t h e  s o i l  l i n e  appeared c o n s t a n t  Erm one 
overpass  dare  t o  ano the r  and t h a t  che i n t e r c e p t  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  
Erm zero .  T h i s  comment indicates t h a t  t h e  s o i l  l i n e  mav be c o n s t a n t  Eor 
var ia t l s  s o i l s  and t h a t  wet and d r y  s o i l  would f a l l  on t h e  same l i n e ,  Wen vege- 
t a t i o n  covers p a r t  of t h e  s o i l ,  r e f l e c t a n c e s  i n  t h e  red band w i l l  d e c r e a s e  and 
t h e  I R  w i l l  i n c r e a s e  ( f a r  most s o i l s ) .  Th i s  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  
2 3 .  Point  C r s p r e s e n t s  data c o n t a i n i n g  v e g e t a t i o n  but  wi th  some s o i l  background 
s t lowing ,  T h e  PVI  i s  thz  p e r p e n d i c u l a r  d i s t a n c e  from t h e  s o i l  l i n e  t o  t h e  po in t  
i n  q u e s t i o n .  To c a l c u l a t e  t h i s  d i s t a n c e ,  an  e q u a t i o n  f o r  t h e  s o i l  l i n e  i s  
needed,  We d e f i n e  Y as  a band i n  t;he I R  ( i t  can be MSS6 or MSS7 o r  t h e  Mark 11 
I R  band) ,  and X as a band i n  t h e  v i s i b l e  ( u s u a l l y  i n  t h e  red  r e g i o n ,  MSSS o r  t h e  
Mark XI red b a n d ) .  The soil l i n e  i s  
The c o e f f i c i e n t s  a. and a1 a r e  fnund by l i n e a r  r e g r e s s i o n  of d a t a  t a k e n  over  
bare  s o i l s .  To f i n d  the  d i s t a n c e  Erom a  l i n e  t o  a p o i n t ,  reduce t h e  equa t ion  of  
t h e  l i n e  t o  normal form and s u b s t i t u t e  t he  c o o r d i n a t e s  of t h e  p o i n t  i n  t h e  
e q u a t i o n  ( R i d e r ,  19471, i . e .  
where  t h e  s u b s c r i p t  i i n d i c a t e s  that  X i  and  Y i  a r e  c o o r d i n a t e s  of a  p o i n t  
not on the  s o i l  l i n e ,  which f a r  convenience i s  c a l l e d  a v e g e t a t i o n  p a i n t .  
~ i g u r e  23 shows a s o i l  l i n e  and f i v e  ~ o i n t s  r e p r e s e n t i n g  measurements o v e r  
s o i l s  and v e g e t a t e d  surfaces. P o i n t s  A and B r e p r e s e n t  bare s o i l  data. P o i n t  A 
r e p r e s e n t s  t h e  h i g h l y  r e f l e c t i v e  d r y  s o i l ,  whereas p o i n t  R r e p r e s e n t s  the l e s s  
r e f l e c t i v e  wet s o i l .  (A rough s u r f a c e  t h a t  produced microshadows would have a 
s i m i l a r  e f f e c t . )  Data f a r  s a i l s  a t  i n t e r m e d i a t e  w a t e r  c o n t e n t s  would f a l l  be- 
tween p o i n t s  A and B an  the  s o i l  l i n e .  I t  i s  p o s s i b l e ,  i n  t h e o r y ,  t o  c a l i b r a t e  
a poinr  on t h e  l i n e  as t o  i t s  water c o n t e n t .  I n  p r a c t i c e ,  a q u a n t i t a t i v e  s c a l e  
wculd be d i f f i c u l t  t o  develop,  but q u a l i t a t i v e  measures of wet, medium, and d r y  
e v a l u a t i o n s  of t h e  s u r f a c e  s o i l  may be p r a c b i c a l  f a r  some s o i l s .  
Po in t s  C and  ll i n  f i g u r e  23 a r e  r e p r e s e n t a t i v e  of d a t a  taken over a vege- 
t a t e d  f i e l d  having about 2 5  p e r c e n t  p l a n t  cover .  P o i n t  E r e p r e s e n t s  a l o c a t i o n  
w i t h  e s s e n t i a l l y  100 percent  p l a n t  cover .  From f i g u r e  22 ,  we see t h a t  the r e d  
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Figure 23.--Diagram of t h e  s o i l  l i n e  and vegetation p o i n t s  f o r  u s e  i n  
c a l c u l a t i n g  t h e  P e r p e n d i c u l a r  Vegetation Index. 
band decreases and t h e  EY band i n c r e a s e s  as  o n e  goes  f rm s o i l s  t o  v e g e t a t i o n ,  
P o i n t s  C and D r e p r e s ~ n t  "he came amaunt of v e g e t a t i o n  y e t  p l o t  q u i t e  d i f f e r -  
e n t l y  on t h e  graph. T h i s  ~ a s e  demons t ra tes  t h e  s t r e n g t h  of t h e  PVI as a vege- 
tation index.  The  po in t s  p l a t  d i f f e r e n t l y ,  bur both a r e  the  same d i s r a n c e  from 
t h e  s o i l  l i n e  and therkfore  would have r h t  same v a l u e  f a r  t h e  PVL. T h i s  s i t u a -  
t i o n  could ar ise  by taking a measurement over  t h e  f i e l d  when t h e  soil was d r y  
( p o i n t  C), i r r i g a t i n g  the  f i e l d ,  and r e p e a t i n g  t h e  measurement when t h e  s o i l  
was wet ( p o i n t  D). A t  p o i n t  E (100 percen t  cover ) ,  no e f f e c t  on s p e c t r a l  meas- 
urements w o u l d  be wbsr~rved by t h e  s o i l  s u r f a c e  changing £ran wet t o  d r y .  I n  
t h e o r y ,  t h e  PVI removes t h e  e f f e c t  of s o i l  background. The point  on t h e  soi 1 
l i n e  where t h e  p e r p e n d i c u l a r  l i n e  t o  t h e  p a i n t  o r i g i n a t e s  g i v e s  some informa- 
tion about s o i l  c o n d i t i o n s  ( i f ,  for the  p a r t i c u l a r  s o i l ,  t h e  wet and d r y  end 
p o i n t s  on the  s o i l  l ine  a r e  cnawn), but  on ly  i n  p r o p o r t i o n  t o  Lhe amount of s o i l  
viewed. Richardson and Wiegand ( 1977) deve loped  t h e  PVX in terms of she coor- 
d i n a t e s  on t h e  s o i l  l i n e ,  al lowing than t o  o b t a i n  v a l u e s  f o r  t h e  sai l  r e f l e c -  
t a n c e  i n  the v e g e t a t i o n - s o i l  scene. 
O b t a i n i n g  t h e  c o o r d i n a t e s  of t h e  point  on the s o i l  l i n e  where the l i n e  
from t h e  vegeta t ion  pa in t  i s  p e r p e n d i c u l a r  r e q u i r e s  a l i t t l e  r ~ v i e w  of a lgebra  
and g e m e t r y .  The e q u a t i o n  f o r  the  s o i l  l i n e  i s  Y = a, + a l X .  Let che l i n e  
from a v e g e t a t i o n  p o i n t  t o  the s o i l  l i n e  b e  Y = b, + b l x .  A t  the point of 
i n t e r s e c t i o n  of t h e  two l i n e s ,  the v a l u e s  of Y and t h e  v a l u e s  of X w i l l  b e  t h e  
same. Thus, the two e q u a t i o n s  a re  so lved  s imultaneously  f o r  X and Y .  We e q u a t e  
a, + alXs = b, + blXs 
and s o l v e  f o r  X,, yielding 
where the s u b s c r i p t s  i n d i c a t e  t h a t  t h e  c o o r d i n a t e s  are on the s o i l  l i ne .  
~ r i ~ i n ~  the t w o  e q u a t i o n s  with X a s  t h e  dependent v a r i a b l e  and solving f o r  
Y, yields 
YS = ( a lbo  - aobl)/(ai - bl) (27) 
The p o i n t  ( X s ,  Y A )  is rc!presrnted by n squart? symbol i n  Fienrt? 2 3 .  Equations 
26  and 27 are t l s : i rn t i s l ly  tllp same as t!quatiot~s 5 atrd b nf Ilir~rilrrlson and 
Wirgand (11177). (WP clrasr t c l  put tile IK hand 3s tht? o r d i n a t e  and the red band 
on the  a b s c i s s a  i n  o u r  ~itaveloprnent, appos i t tA t o  tht? way Richardrstin and Wit~gsntl 
l a b e l e d  t h e i r s .  Roth ways are corrt!ct. 1 
We now t~avt.  valurs fclr the c n o r d i n s t e s  a t  t h ~  v e g e t a t i o n  p o i n t  ( X i ,  Yi) 
and st t h e  intt?rst?c:t ion  of t h e  p t ~ r p t ~ n d i r u l n r  on t l rr  s o i l  lint! (Xs, Ys). Using 
the Pythagc,rt?an Thaurem, we can .qolvt. for t h e  d i ~ t a r l r e  between t h e  two point. s, 
which is an equivalt.nt Form of t h r  P V I  d e v ~ l t i p e d  by Kictlnrdson and Wiegand 
( l L V 7 )  ( t h e i r  equat ion 4 ) .  If on ly  t h e  PVL :s of i n t e r e s t  and information on 
s o i l  backgrtrund i? not r e q u i r e d ,  cclrrntion 24 r e q u i r e s  1 t . s ~  computat ion.  If 
t l ~ c  p o i n t  rjn t h e  srtil  l i n e  i s  cjE i n t r r e s t ,  the11 e q u a t i o n s  2Fr rind 2 7  need t o  b e  
s o l v e d .  Thtb slolrrs of tlip v e g e t a ~ i o n  l i n ~  I b l )  i s  c:qt~nl t n  - l / a l  because  the 
t w o  l i n e s  a r e  p e r p e n d i c u l a r .  T h r  i n t e r c e p t  (IF the vrgeta t  ion l i n e  (bo) i s  
Y ;  + (l/al)X]. Thts cotlrci inates f o r  t h e  in te r s t ac t io t r  w i t h  tire s o i l  l i n e s  a r e  
Equa t ions  29 and '30 g i v e  t h r  s o i l  l i n e  c o o r d i n a t r s  Fc~r t h r h  p e r p e n d i c u l a r  to  t h e  
v e g e t a t i o n  p o i n t  in  terms of  ttie c o o r d i n a t e s  o f  t h e  vi.getatinn p o i n t  and t h e  
c o e f f i c i e n t s  of the etlunt ion  f c ~ r  the  soi l  l i n e .  
I n  this development of PVI , th?  equat i o n s  have d e l i b e r a t e l y  been l e f  L i n  
terms of u n e v n l u a ~ c d  c o e f f i c i e n t s .  An i n t r r e s t e d  person can chose a p a r t i c u l a r  
v i s i b l e  hand ( p r e f e r a b l y  i n  t h e  red r e g i o n )  f o r  the X and a near I R  band for 
t h e  Y ,  d ~ c e r m i n c  the s o i l  Line (and thus  t h e  coefficients a1 and a o ) ,  and 
u t i l i z e  t h c  P V I .  Richardson and Wiepland's dcvelopment was i n  terms of r a d i -  
ances  i n  s p e c i f i c  1,ANDSAT MSS bands.  
The s o i l  l i n e :  The s o i l  l int .  i s  b a s i c  t o  t h e  P V I  of Kicharrfson and 
'ieganb. (1977) and t u  t h e  t n s a c l e d  cap o f  Kaurh and Thomas ( 1 9 7 6 ) .  The assump- 
ions  are t h a t  the s o i l  l i n e  i s  l i n e a r  and a l l  s o i l s  y i e l d  data  t h a t  f a l l  on 
t h e  l i n e .  Adequate t es t s  of these assumpt ions  u s i n g  LANDSAT data would require 
a c o n s i d e r a h l c  amount r?f ground d a t  n c o l  l e c r  ion and computer  time . Hand-held 
radiomett?r darn can brt liaed advant:igeously i n  t h i s  case t o  pruvide an i n s i g h t  
a s  t o  tile v s l i c i i t y  of t h e  assumption.  
At the U .S. Water ~ o n s e r v a t  ion L a b o r s t o r y  a t  Phoenix,  measurements of dry 
and wet bare s a i l  a r e  a r o u t i n e  part of the s p e c t r a l  measurements program. Data 
f o r  t h e  1979 season (139 d a t a  p o i n t s )  are  shown i n  Eigure  24. Regress ion  a n a l -  
ysis indicates t h a t  a l inear re lat ion i s  a good r e p r e s e n t a t i o n  of t h e  d a t a  (r2 = 
0.98) ,  s u p p u r r i n g  t h e  assumption of l i n e a r i t y  in t h e  development of t h e  P V I .  
Using t h e  r e g r e s s i o n  c o e f f i c i e n t s  shown i n  f i g u r e  24 i n  equation 24 y i e l d s  
PVI = O.647Y - 0.763X - 0.020 (31 
Where Y r e f e r s  t o  t h e  MSS7 r e f l e c t a n c e  and X t a  t h e  MSS5 reflectance. 
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Figure  24,--The s o i l  l ine  (bare so i l  d a t z )  u s i n g  red ( M S S ~ )  and i n f r a r e d  IMSS?)  
bands .  Data taken with an kxocech model 100 hand-held rad iomete r ,  
The d a t a  were all t a k e n  whi le  the s o i l s  weie  s u n l i t .  I n  a p l a n t  canopy, 
portiorls of the  s o i l  viewed by 3 radiometer may be shaded. Data for shaded 
soils would f a l l  c l o s e  t o  t h e  o r i g i n  and probab ly  would not be r e p r e s e n t e d  by 
t h e  e x t r a p o l a t i o n  al: the  l i n e a r  line t o  the  poinr. oE i n t e r s e c t i o n  w i t h  the 
o r d i n a t e .  T h i s  s i t u a t i o n  needs a d d i t i o n a l  study. 
Some i n s i g h t  i n t o  this situation, and  t h e  assumpt ion t h a t  d i f f e r e n t  s o i l s  
w i l l  f a l l  on t h e  same l i n e ,  can be gleaned from figure 2 5 ,  where data for e i g h t  
d i f f e r e n t  porous m a t e r i a l s  are shown. I n  the fo l lowing  d i s c u s c i o n  nf symbols,  
t h e  coordinates (x, Y) of the wettest and d r i e s t  d a t a  points for  these measure- 
ments are given.  The c i r c u l a r  symbols ( 2 5  of t h e  40  d a t a  p a i r s )  f u r n i s h e d  by 
J .  K ,  ~ a s e 3  are  Eor Will iams loam near S idney ,  which  has r e f l e c t a n c e  c o o r d i n a r e s  
that range from (0 .065,  0.119) t o  ( 0 . 2 2 3 ,  0,313). Three crosses represent wet 
and dry Avondale loam, a light-colored s o i l  from near Phoenix  whose r e f l e c t a n c e  
coordinate range was ( 0 . 7 2 3 ,  0.193) to (0.275, 0.353). Two p l u s  symbols  repre- 
s e n t  a red-colored so i  1, c o o r d i n a t e s  10.080,  0.124) and (0 .091,  0 .150) ,  that had 
the smallest range of a l l .  Two square symbols r e p r e s e n t  a l i g h t ,  r edd i sh  s o i l ,  
c o o r d i n a t e s  (0.147,  0 , 2 0 5 )  and (0 .271,  0 .361) .  Two Lazy diamond symbols  repre- 
s e n t  a m i x t u r e  of Avondale loan and a s i l i c a  sand, coordinates (0.151,  0.210) 
and (0.313, 0 .403) .  Two i n v e r t e d  t r i a n g l e s  represent a S u p e r s t i t i o n  sand f rm 
near Yuma, A r i z . ,  c o o r d i n a t e s  (0.283, 0 . 3 3 4 )  and 10.404, 0 , 4 4 6 ) ,  Two t r i a n g l e s  
represent  a white s i l i c a  sand ,  c o o r d i n a t e s  (0 .457,  0.547) and (0.583, 0 . 6 6 1 ) .  
Two diamonds represent black c i n d e r s  from near F l a g s t a f f ,  Ariz, , coordinates 
(0.023, 0.030) and (0 .064,  0 .077) .  
3 ~ e r s o o a l  communication. 
The d a t i ~  i n  f i g u r e  2 ' )  d e m o n s t r a t e  the c o n s i d e r a b l e  rsngtt c~f  r e f l e c t a n c e  
v a l u ~ s  for  J i f f r r c l n t  portlit3 m a t e r i a l s  and nlno the  range of r e f l r ? c t n n c e s  Ear 
t h e  same m a t e r i a l  wllerl  gt~ ,ag from wct t o  dry (or v i c e  versa) .  A c o n c l u s i o n  
that  can be draw11 i r  tllat t iw so i l  l i n e  i s  not l inear  over a wide range of 
soi ls  and othrr I I O ~ O U R  ms?!..?rials. T h i s  i d  i n  c o n t r a s t  t o  f i g u r e  24,  where t h e  
da ta  were q u i t e  l i n e a r .  We conclud(? t h a t  when an i n d i v i d u a l  soil i s  c o n s i d e r e d  
and the range of  d a ~ a  from wet t o  d ry  i s  determined f o r  s u n l i t  c o n d i t i o n s ,  t h e  
data are s r l f f i c i ~ n r l y  linr?ar. thn2 the PVI can be used .  A d d i t i o n a l  work is  re- 
q u i r e d  t o  acccjunt for tht! n o n l i n e a r  n a t u r e  nE the s o i l  l i n e  when v a r i o u s  mate- 
r i a l s  are coaaidered. 
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Figure 25 . - - ' ~ ' I I P  s o i l  l int '  f irr t l i g t~ t  d i f  f f a r r n ~  porous materials rang ing  from 
black c i n d t z s s  to soiir; L O  wttitr s i l i o d  , and.  The c i r r u l d r  symbols r e p r e s e n t  
I.!illiams loam, d a t a  f u r n i s l ~ e d  hy . I .  K.  . iasr,  Sidney,  Ynnt. Other  symbols 
a re  d i s c u s s e d  i n  the t e x t .  
Some reader:; may h;lvt! no t  iced t - r ~ ~ ~ t  we have used r e f l e c t  ances e x c l u s i v e l y  
i n  t h i s  s e c t i o n .  Radiances can be u s e d ,  b u t  since they a r e  d i r e c t l y  propor- 
t i o n a l  t o  t l i , :  irr:i i i iancrt tlit?ir c o o r d i n a t e s  on a s o i l  l i n e  will vary w i t h  sun 
a n a l e .  This i s  demonst-rat ed i t )  f i g ~ ~ r e  26 where r a d i a n c e  v a l u e s ,  t a k e n  a t  1 0  
t i m p  periods (spac.t?ci b t l t w t ~ r n  080U ailrl 1630 h a ~ r r u )  during onr' day, a r e  shown. 
A t  t i r s t  g l ance ,  i t  is  rc . i ssuring to  s e e  the  l i n e a r i t y  of t h e  data;  however, i t  
c a n  lead L o  t he  erroneous c i lnc lus ian  t h a t  both r a d i a n c e s  and r e f l e c t a n c e s  c a n  
be used d i r e c t l y  i n  c a l c u l a t i n g  the  PVL. 
Consider  on ly  t h e  numerator  i n  e q u a t i o n  24 ( t h e  denominator i s  a c o n s t a n t ) ,  
i .  I ' - X i  - a I f  Y and X a r e  i n  t e r n s  of raGiance, a change i n  i r r a d i -  
anse w i l l  change t h e  PVI d r a s t i c a l l y ,  s i n c e  t h e  X and Y terms are of o p p o s i t e  
s i g n .  Zt i s  t h e o r e t i c a l l y  p o s s i b l e  t o  overcome t h i s  problem by a d j u s t i n g  a l l  X 
and  Y values r o  c o n s t a n t  irradinnce l e v e l s .  
Some c a l c u l a t e d  r e s u l t s :  The purpose of o b t a i n i n g  vegetation i n d i c e s  i s  
t o  gain i n f ~ ~ r m a t i a n  about v e g e t a t i v e  growth. A q u e s t i o n  thus a r i s e s  as t o  what 
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Figure  26.--The " s o i l  l i n e "  f o r  a s e t  of diurnal  maaaurments i n  terms of 
rad iance .  C i r c u l a r  symbols represent  d r y  s o i l  and c r o s s e s  r e p r e s e n t  wet 
soil. 
v a l u e s  of t h e  s e v e r a l  i n d i c e s  might be expec ted  a s  a f i e l d  changes from bare  
s o i l  t o  f u l l  green v e g e t a t i v e  cover .  Although not cons ide red  h e r e ,  t h e  change 
frm f u l l  green vege t a t i ve  cover  t o  c m p l c r c l y  senesced d r y  straw is  of equal 
interest. 
Wiegand e t  al, (19741, Richardson c t  a l .  (19755, and Jackson  ec  a l .  (1979) 
discussed a l inear model fo r  c a l c u l a t i n g  t he  spectra l  r e f l e c t a n c e  f o r  composite 
scenes  ( s c e n e s  c o n t a i n i n g  both  s o i l  and v e g e t a t i o n ,  s u n l i t  and shaded) .  The 
model can be writ ten as 
where Rc = cmpos i tc  scene r e f l e c t a n c e ,  f v l  A f1:action of s c n l i t  v e g e t a t i o n ,  
Rvl = r e f l e c t a n c e  of s u n l i t  v e g e t a t i o n ,  fvd = f r a c t i o n  of shaded v e g e t a t i o n ,  
Rvd = r e f l e c t a n c e  of shaded v e g e t a t i o n ,  f s l  = f r a c t i o n  of s u n l i t  s o i l ,  R s l  = 
r e f l e c t a n c e  of s u n l i t  s a i l ,  E,d = fraction o f  shaded s o i l ,  and R,d = 
r e f l e c t a n c e  of shaded soi  1. 
Data were taken with a n  Exotech hand-held radiometer aver wet and dry b a r e  
so i l  and over a dense green sunlit wheat canopy. The measurements were re- 
peated w h i l e  t h e  s u n  was blocked aut over t h e  target  area  t o  yield v a l u e s  f o r  
shaded r e f l e c t a n c e s .  The red (MsSS) and one IR (MSS?) band of t h e  Exotech were 
used.  R e f l e c t a n c e  values  were f o r  the red band: R v l  = 0.0256, R s l  dry = 0.226,  
Rsl  wet = 0.136, Rsd = 0.15 R s l ,  Reflectance v a l u e s  far t h e  I R  band were 
R v ~  = 0.535, R s l  dry = 0 . 2 9 9 ,  R s l  wet = 0.197,  and RE;d = 0.11 R s l .  We assumed 
t h a t  a l l  v e g e t a t i o n  was s u n l i t ,  making t h e  fraction Evd = 0, 
C a l c u l a t i o n s  were mode f o r  four  cases:  unlit v e g e t a t i o n  and s u n l i t  dry 
s a i l  (a s i t u a t i o n  that would occur a t  solar noon),  s u n l i t  p l a n t s  and s u n l i t  wet 
s o i l  ( 5 o l a r  noon s i t u a t i o n ) ,  s u n l i t  p l a n t s  and shaded d r y  s o i l ,  and s u n l i t  
plant s  and slladcci wi l t  s o i l .  T I I ~  1 a t t t . r  two casc.8 w o u l d  occur Erlr north-soirth 
p l a n t  rows during tlrt? mortiing h o u r s  i t  the p l a n t s  a re  r e l a t i v e l y  t a l l .  It i s  a 
6~rmewhat f i c t i t i o u s  s i t u a t i o n  a t  low v a l u e s  of p l a n t  c o v e r ;  far low plant  c o v e r  
w i t h  completely sl~atled s o i l ,  the solar e l e v a t i o n  would  be s o  low t h a t  o t h e r  
prob'rnls would bestat a rr?f l t?c t  ion measnrr!mi!nt, 
Anotiiclr cat11 i c ~ n  t h a t  ~ t ~ o u l d  be k e 7 t  i n  mint1 abotlt r e s u l t s  c a l c u l a t e d  using 
equa t ion  3;!  i s  ttlat i t  is i r n p l i c i t y  assumed that. p l a n t s  a b s o r b  or r e f l e c t  t h e  
i n c i d e n t  rodiat  i r j ~ i  ,111t-l t h e r e b y  producf? shadows, T h i s  is a rrilsnnable nssump- 
t.ion i n  the? vis ib l t t  r eg iun  bu t  dotbs n o t  hold  For t h e  I K .  Some IR r a d i a t i o n  i s  
t r a n s m i t t t ~ r l  tiiraugtr p l ; i n t  l f l aves ,  m a k i n g  q u i t e  d i f f e r e n t  "shadows" ellan we s e e  
with L > I I ~  cycna.  X 1 1 ~ n  and Richardson ( 1 9 6 8 )  l ~ a v c  shclwn t h a t  IK r a d i a t i o n  can 
p e n e t r a t e  t ' i gh t  1;ivvrs 01 p l a n t  l t ~ a v r s  b e f o r e  a l l  t he  ene rgy  i s  r e f l e c t e d  o r  ab- 
sorbt?d. 'dirgaticl rt a l .  ( I Y ; ? Y )  s t a t e d  t h a t  t h e  Eirst leaf  nhsnrbs abollt 10 pcr- 
(:pnt of &tie impi l lg ing  1 i ~ : h t  i n  t h e  n e a r  I K  wit-h t h e  remainder being d i v i d e d  
rqilal ly bt3t wr?rn t r n n s r n i s s i r > r ~  arrd re f lec t  ion. The l i g h t  t r a n s m i t t e d  by t h e  
r i r e t  1cnvt.h sr~tl t h e  l i g h t  t h a t  p e n e t r a t e s  betwt3t.n t h e  Lravet; i n t e r a c t s  w i t h  
lower lcnvt?s u n t i l  i t  i s  complete ly  a t t e n u a t e d  a t  a leaf  area index of 8 .  T h i s  
c t~mpl t?x  i n ~ e r a c t i o n  of tht? nea r  IK and plant.:; i n  t h e  f i e l d  r e q u i r e s  same addi-  
L iooal  mode l i n g .  
With t h t *  a t ~ c ~ v ~  i ,autic>ns i n  mind ( b u t  unncrtltlt~tcd For),  we proceed t o  c a l -  
c u l a t e  the IR/rt~tl rat. ios, N U ,  and t h e  PVI o v e r  t h e  range of O t o  f u l l  green 
p l a n t  cnvcar. F i ~ u r t ?  :?I  s t r r l i j s  r t ! s ~ i l t s  fo r  th t .  IR/rr!d r a t i o .  For t h e  s u n l i t  
soi! c g n d i t i o n s  ( b o t h  w t - . ~  at~cl rlry, r e p r e s e n t a t i v e  of s o l a r  noon measurements) ,  
t h e  r a t i o  i s  not v e r y  s e n s i t i v e  t a  p l a n t  c o v e r .  For shaded  s o i l  c o n d i t i o n s  
" - - 
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Figure 27 . - -Ca lcu la t ed  IR/red r a t i o  as a function o f  plant cover for the con- 
d i t i o n s  of s u n l i t  p l a n t s  and s u n l i t  and shaded,  w e t  and d r y  soil. 
(morning or a f t e r n o o n ) ,  t he  r a t i o  i s  nearly l i n e a r l y  r e l a t e d  t o  p l a n t  cover. 
E s s e n t i a l l y ,  the opposiLe o b t a i n s  w i t h  t h e  ND, shown i n  f i g u r e  28. The v a l u e s  
for the s u n l i t  s o i l  c o n d i t i o n s ,  r e p r e s e n t a t i v e  of s o l a r  noon, arc n e a r l y  l inear  
w i t h  p l a n t  cover .  For shaded c o n d i t i o n s ,  the valcles increase r a p i d l y  Far low 
values of p l a n t  cover and become i n s e n s i t i v e  t o  p l a n t  cover changes as t h e  
Erac t ion  becomes l a r g e  and approaches I.  Theoe c a l c u l a t i o n s  show t h e  r e l a t i v e  
merits of t i e  ~ w o  i n d i c e s  w i t h  reepect to  sensitivity t o  p l a n t  cover ,  
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Figure 28.--Calculated normalized difference using a r e d  (MSSS) and a n  iafra- 
red (MSS?) band a s  a f u n c t i o n  of p l a n t  cover f a r  t h e  c o n d i t i o n s  af s u n l i t  
p l a n t s  and s u n l i t  and s h a d e d ,  wet and d r y  s o i l .  
C a l c u l a t i o n s  f o r  t h e  r e f l e c t a n c e  P V I  a r e  shown i n  Figure 29.  They show 
t h a t  t h e  P V I  increases l i n e a r l y  w i t h  p l a n t  cover. E s s e n r i a l l y ,  no d i f f e r e n c e  
can be seen between w e t  and d r y  s o i l ,  showing t h e  a b i l i t y  f o r  the P V I  t o  remove 
t h e  soil background, The l ines  for shaded s o i l  bave a  n e g a t i v e  i n t e r c e p t ,  
T h i s  i s  an i n d i c a t i o n  t h a t  t h e  s o i l  l i n e ,  e x t r a p o l a t e d  from sunlit c o n d i t i o n s  
(figs. 23  and 241, is  not  a complete r e p r e s e n t a t i o n  of t h e  t o t a l  s i t u a t i o n  and 
needs addi r i ona l  work. 
RADIOMETER RESPONSE FUNCTIONS 
We have used  the term "band" t o  s ign iEy  a wave leng th  i n t e r v a l  and have 
i d e n t i f i e d  t h e s e  bands wi th  names (i.e., r e d ,  IR) and given numbers t o  specify 
t h e  bounds ( e x a m p l e ,  red band oE Mark 11, 0.63 r o  0.69 pm). T h i s  i m p l i e s  t h a t  
a l l  of the  r a d i a t i o n  (from 0.63 t o  0.69 pm) stri!cing the radiometer d e t e c t o r s  
is measured. I n  p r a c t i c e ,  f i l t e r s  do n o t  c u t  o f f  r a d i a t i o n  a t  p r e ~ i s e l y  a 
given wavelength. Some r a d i a t i o n  less t h a n  0.63 pm (for our example) is  de- 
t e c t e d ,  and not a l l  of t h e  r a d i a t i o n  greater t h a n  0.63 i s  detected. The v a l u e  
of 0.63 is a nominal  v a l u e .  A p l o t  of the f r a c t i o n  o f  the r a d i a t i o n  r e c e i v e d  
ve r sus  the  wavelength i a  known as a response f u n c t i o n .  In  f i g u r e  22 of the 
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F i g u r e  29.--Calculated P e r p e n d i c u l a r  V e g e t a t i o n  Index (PVI) v a l u e s  u s i n g  MSS5 
and MSS7 oE t h e  Exatech as a f u n c t i o n  of plank caver  For t h e  scene c o n d i t i o n s ,  
s u n l i t  p l a n t s ,  sunl i t  wet and d r y  soil, and shaded wet and dry s o i l .  
l a s t  s e c t i o n ,  s p e c t r a  For soil  ~111rl a l f a l f a  were shown for  t h p  wavelength  r e g i o n  
of  0.4 t o  1.0 pm. I n  that  f i g u r e ,  dashed l i n e s  were u sed  t o  d e l i n e a t e  t h e  nan- 
i n a l  band baundar i  c s .  "si i lg rtxspt-rnsca f u n c t i o n s  a t  each wave l e n g t h ,  t h e  r e l a -  
t i v e  response  can hta m r l i t  i p l i e d  by the spec t rum Ear a p a r t i c u l a r  t a r g e t  ( e . g . ,  
a l f a l f a  and s o i l s 1  a n t  summed t r l  y i e l d  a v a l u e  p r o p o r t i o v a l  to the a c t u a l  re- 
sponse  of a radiorna1t::r i f  used o v e r  t h e  s.me targec f o r  which t h e  spect rum w a s  
measured. T h u s ,  vith s e t s  of s p ~ r t r a  and w i t h  r e s p o n s e  f u n c t i o n s  f o r  several  
i n s t r u m e n t s ,  d i f f e r e n t  hands can h e  compared as t o  t h e i r  s e n s i t i v i t y  t o  vege- 
t a t i o n ,  and v e g c t a t i n n  i n d i c e s  can br  c a l c u l a t e d  and compared among ins truments .  
R e l a t i v e  response  f u n c t i o n s  f o r  f o q r  r a d i o m e t e r s :  R e l a t i v e  response Eunc-. 
t i o n s  f o r  t h e  PMT 2-band and t h e  Mark I1 3-'/and are shown i n  f i g u r e s  30 and 31. 
These  d a t a  wi?re provided by C .  J .  ~ u c l t e r . ~  F i g u r e  3 2  shows t h e  r e F , q n s e  func- 
t i o n s  -or tht? E x o t e c h  4-hand ins t rument  ( d a t a  i n  t h e  instruct ion  man- 
u a l ) ,  and f i g u r e  7 3  presents d a t a  f o r  t h e  LANDSAT-1 MSS ( t a k e n  from S l a t e r  
1 9 7 9 ) .  The f o u r  Eigures have i d e n t i c a l  v a l u e s  f o r  the  o r d i n a t e  and t h e  a b s c i s -  
s a  t o  f a c i l i t a t e  c o m p a r i s l . ~ n s .  T h e  symbols shown i n  f i g u r e s  3 2  and 3 3  a r e  f o r  
the purpose of i d e n t i f i c a t i o n  because o f  t h e  o v e r l a p p i n g  of t h e  bands. They 
a r e  not in tended t o  i m p l y  d a t a  p o i n t s .  
A comparison t h e  PMI' and t h e  Mark IL ins t ru rnsn t s  shows t h a t  t h e  red bands 
a r e  n e a r l y  i d e n t i c a l  i n  wid th ,  whereas t h e  LR band of the Mark I1 is a lmost  
twice as  wide as  i s  the  I K  band of t h e  PMT. The Mark I1 has a band ( c a l l e d  t h e  
wa te r  a b s o r p t i o n  band) a r  1.55 t o  1.75 vm t h a t  the  o t h e r  three d e v i c e s  do no t  
h a v e .  
bPersona l  communication. 
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Figure 30.--Relative rcsponse f u n c t i o n s  f o r  t h e  PMT 2-band rad iomete r .  
The Exotech and LANDSAT bands a r e  much wider than any of the v i s i b l e  o r  IR 
bands for t h e  PMT o r  t h e  Mark 11. The MSS5 band ( i d e n t i f i e d  with c r o s s e s  i n  
f i g s .  32 and  3 3 )  i n c l u d e s  most of t h e  a r e a  covered by t h e  red  bands of the PMT 
and  Mark 11, b u t  i s  w i d e r  toward t h e  lower wavelengths,  The  I R  bands of t h e  
PMT and Mark 11 a r e  p a r t i a l l y  ;ncluded i n  MSS6 and a r e  almost  comple te ly  i n -  
c luded  i n  MSS7. 
A comparison of the  Exotech and t h e  LANDSAT response  f u n c t i o n s  shows t h a t  
MSS4, MSS5, and MSS6 a r e  r e a s o n a b l y  s i m i l a r ,  but  MSS7 d i f f e r s  i n  t h a t  t h e  
Exotech appears  t o  have about  a 0.05-Urn s h i f t  towards the shorter wavelengths. 
The s i g n i f i c a n c e  ( o r  n o n s i g n i f i c a n c e )  of t h e  d i f f e r e n t  band widths  becomes evi- 
d e n t  when r e l a t i v e  response  t o  s p e c t r a  i s  calculated, 
F i e l d  s p e c t r o m e t e r  da t a :  I n  e a r l y  A p r i l  1979, a team from NAsA/GsFCS 
brought  a f i e l d  spec t romete r  to Phoenix t o  gather s p e c t r a  over wheat p l o t s  a t  
t h e  U.S. Water Conserva t ion  Labora to ry .  Measurements wer. made over  three 
p l o t s ,  each plot c o n t a i n i n g  f o u r  s u b p l o t s .  The t h r e e  plots had been p lan ted  a t  
d i f f e r e n t  time i n t e r v a l s  (Nov, , Dec, , ~ e b . ) ,  and Lhe s u b p l o t s  received d i f f e r -  
ent i r r i g a t i o n  t r e a t m e n t s .  S p e c t r a  f o r  2 of the 1 2  s u b p l o t s  are shown i n  fig- 
u r e s  34 and 35.  I n  figure 34, che  d a t a  are  f o r  a well-watered p l o t  p lan ted  i n  
5 ~ .  Chappe l l e  headed the team and provided the s p e c t r a m e t e r  data. 
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Figure  31.--Relntiv~ responsta f u n c t i o n s  f o r  t h e  Mark I1 3-band r ad iomete r .  
December 1978. TIlr p l a n t s  h a d  just begun h e a d i n g  and covrred a b o u t  9 5  pe rcen t  
of t h e  s a i l .  Thc p l a n t s  wcJrr m o s t l y  green w i t h  only a very few brown l e a v e s  
showing. F i g u r e  35 shows spectra  f o r  a plot planted in February  1979. A t  t h e  
time of measurement, t h e  p l a n t s  had not y e t  head. i and covered about  40 percent 
of the s o i l .  In a d d i t i o n  ro  l a t e  ~ l a n t i n g ,  t h i s  p l o t  r e c e i v e d  fewer than  t h e  
optimum number of i r r i g a t i o n s .  
D i g i t i ~ e r i  epectromett2r d a t a  wrre i n t e r p o l a t e d  t o  y i e l d  v a l u e s  a t  every 
nanometer ( lj1000 nf a micri l ;n~trr  1. Response Erlnct i o n s  were d i g i t i z e d  a t  each 
nanmleter, and t h ~  product of t h e  rcsponse  funct ion  and t h e  spectra a t  each 
nano:oeter w i t h i n  a band w i d ~ h  was formed and summed t o  y i e l d  a s p e c t r a l  re- 
sponse  v a l u e  f a r  each waveband on each of t h e  f o u r  r a d i o m e t e r s  f o r  s p e c t r a  £ran 
t h e  1 2  wheat s u b p l o t s .  T h e  a b s o l u t e  v a l u e  of the  summation i s  not of i n t e r e s t ,  
but  t h e  r e l a t i v e  magnitudes among b a n d s  and instruments a l l o w  a comparison t o  
be made of rhe various bands .  
T h e  d i g i t a l  coun t  range fo r  MSS4, MSS5, and MSS6 o n  LANDSAT i s  0 t o  127.  
For MSS7, the range i s 0 t o  63. To make out results somewhat comparable to 
LANDSAT, we divided the summed values of response t imes  s p e c t r a  by two. We 
w i l l  not consider  a t m o s p I ~ e r i c  e E f e c t s  on r a d i a t i v e  transmission t o  s a t e l l i t e  
a l t i t u d e s  i n  this discussion. Atmospheric effects have been treated by Turner 
et n l ,  (1971), Turner and Spencer (19721, and Richardson et a l .  (1980). 
WAVELENGTH CMICROMETERS) 
F i g u r e  32 . - -Rela t ive  r s s p o n s e  funcc ions  for t h e  Exot ech 4-band r a d i o m e t e r .  The 
symbols are  f o r  band i d e n t i f i c a t i o n  p u r p o s e s  and do no t  imply  d a t a  p o i n t s .  
Comparison of  bands among ins t ruments :  We chose  the Mark 11 ins t rument  t o  
compare wi th  t h e  o t h e r  t h r e e  rad iomete r s  i n  t h e  fo l lowing  f i g u r e s .  A h i g h  cor-  
r e l a t i o n  c o e f f i c i e n t  i n d i c a t e s  t h a t  one ins t rument  h a s  no advantage over t h e  
o t h e r  f o r  o b t a i n i n g  in fo rmat ion  about v e g e t a t i o n  c o n d i t i o n s .  A low c o e f f i c i e n t  
i n d i c a t e s  tha t  one band may c o n t a i n  in fo rmat ion  not shown by t h e  o t h e r .  
F igure  36 compares t h e  red band of t h e  Mark I1 with  t h e  red  band of t h e  
PMT 2-band i n s ~ r u r n e n t .  As one would expect  from t h e  c l o s e  a l inement  of t h e  
response  f u n c t i o n s  ( f i g s .  30 and 3 1 ) ,  t h e  c o r r e l a t i o n  between t h e  two i n s t r u -  
ments is  very good, with an r2 = 0.999.  The r ed  band of Mark I1 i s  compared 
with t h e  M S S 4  and MSS5 of t h e  Exotech i n  f i g u r e  37 .  A r e l a t i v e l y  high corre- 
Lat ion ex i s t s  between t h e  bands ,  e s p e c i a l l y  w i t h  MSS5, which i n c l u d e s  the red  
r e g i o n .  Similar good c o r r e l a t i o n s  e x i s t  between the Mark II and the  LANDSAT 
MSS4 and MSS5 a s  shown i n  f i g u r e  38 .  
F i g u r e s  3 9 ,  40, and 41 compare t h e  Mark I1 IR band with t h e  PMT 2-band IR 
and t h e  Exotech and  LANDSAT MSS6 and MSS7 bands.  Although some difference in 
band w i d t h s  was noted f o r  t h e  PW and Mark T I ,  the  IH bands are c o r r e l a t e d  with 
a c o e f f i c i e n t  o f  0 .996 ,  i n d i c a t i n g  t h a t  t h e  band width  i s  no t  too c r i t i c a l  i f  i t  
i s  a t  a longer  wavelength t h a n  about 0.75 Pm ( f i g .  3 4 ) .  T h i s  statenent gains 
WAVELENGTH 
Figure  33.--Relative r e s p o n s e  f i l n c t i o n s  for the LANDSAT-1 multispectral  
scanner. The symbols are f o r  band i d e n t i f i c a t i o n  purposes  and do  not i m p l y  
data points. 
additional support from data in f i g u r e s  4 0  and 41 where  the Exotech and LANDSAT 
EISS7 bands are related to the Mark 11 I R  band with a c o r r e l a t i o n  coefficient of 
0 . 9 9 5  and  0 .991 ,  r e s p e c t i v e l y .  Y S S 6 ,  which encompasses t h e  abrupt s h i E t  f rm 
low to h i g h  r e f l e c t a n c e  over v e g e t a t i o n ,  shows much less correlation, having 
c n e f f i c i c n r s  of 0 .768 and  0,753. 
We c o n c l u d e ,  from the a b o v e  d i s c u s s i o n ,  that: t h e  red bands of t h e  Mark 11 
and PbfT 2-band ar.J the MSS5 of t h e  Exotech and LANDSAT will yield e q u a l l y  good 
results over  a wheat c rop .  A l s o ,  t h e  Mark IX and PMT IK hands and MSS7 of the 
Exotech and LANDSAT will g ive  equal ly good r e s u l t s .  
The w a t e r  absorption band of  the Mark TI i n s t r u m e n t  has no comparable bands 
on the other three instruments. Figure 42 shows that  i t  is  not  c o r r e l a t e d  w i t h  
the IH band, b u t ,  as shown in figure 43,  it i s  r easonab ly  well correlated w i t h  
t h e  red b a n d .  Correlations (r2) made between all pairs of the 13 bands on t h e  
four instruments a r e  presented i n  t a b l e  3. The data show that t h e  water absorp- 
t ion band is  reasonab ly  well correlated w i t h  t h e  MSS4 b a n d s  on t h e  Exotech and 
LANDSAT (0,935 and  0.9341, and slightly less well correlated with the MSS5 b a n d s  
(0 .92) .  T h e  red  bands on the PMT and the Mark I1 have c o e f f i c i e n t s  of 0.896 and 
T a b l e  3.--Correlation coefficients (r2) between p a i r s  of the 13 bards on 4 radioneters. Data are 
from applying response funct ions to spectra taken over 12 wheat subplots 
Exote ch LANDS AT P .T Mark I1 
M S S 4  MSS5 MSS6 MSS7 M S S 4  MSSS MSS6 MSS7 Red I R  Red I R  820 
LANDSAT : 
MS S4 .999 -985  .063 -036 1.0 
* MSSS 
C, 
.983 .999 .026 .074 -984 1.0 
MSS6 .074 .031 -999 .719 -071 -031 1.0 
MSS7 .035 .074 .796 -998 .037 .075 .782 1 .O 
PMT: 
Red .967 -996 .012 -102 ,969 -996 .016 -102 1 .O 
I R .037 .08 .801 .992 -039 .081 -787 .984 -108 1.0 
Mark 11: 
Red .9 7 -997 -014 -097 .972 . 9 9 7  ,017 .098 .999 -104 1 .O 
IR .035 .I01 .768 .995 .055 -102 -753 -991 -132 .996 .I27 1.0 
H20 .935 -921 .lo9 .010 .934 - 92  .118 -010 .896 -012 ,901 ,022 1.0  
NAVELENGTH (MICROMETERS) 
F i g u r e  34.--Spectrum o b t a i n e d  o v e r  a well-watered wheat p l o t  p lan ted  i n  
December 1978 a t  Phoenix ( d a t a  f u r n i s h e d  by E. Chappe l l e ,  NASA/GSFC). P l a n t  
cover  was a b o u t  95  p e r c e n t .  
0.901, r e spec t ive ly .  These c o r r e l a t i o n s  r a i s e  the question: How much addi-  
t i o n a l  in fo rmat ion  i s  c o n t a i n e d  i n  t he  wa te r  a b s o r p t i o n  band that is  not i n  t h e  
v i s i b l e  g r e e n  and red bands? We pose t h i s  only  as a q u e s t i o n  since we a r e  
w o r k i n g  w i t h  a l imi ted  d a t a  s e t .  E x t e n s i v e  f i e l d  use of rhe  Mark I1 shou ld  
show the  v a l u e  of t h i s  band .  
Comparison of  vegetation i n d i c e s  among ins t ruments :  I n  a d d i t i o n  t o  c m -  
par ing  i n d i v i d u a l  bands, i t  is  of i n t e r e s t  t o  compare v e g e t a t i o n  i n d i c e s  as 
would be obta ined  over t h e  same t a r g e t  with d i f f e r e n t  ins t ruments .  The I ~ / r e d  
ra t ios  f o r  t h e  Mark I f  and t he  MSS7/MSSS r a t i o s  ( a l s o  IR/red but  wider band 
w i d t h s )  f o r  the Exotech were c a l c u l a t e d  and p l o t t e d  i n  figure 44.  L i n e a r  re-  
gression a n a l y s e s  i n d i c a t e  t h e  two r a t i o s  a r e  l i n e a r l y  r e l a t e d  wi th  a c o r r e l a -  
t i o n  c o e f f i c i e n t  of 0.996. We conclude t h a t  over  a range of v e g e t a t i o n  dens i -  
t i e s ,  from abou t  4 0  percen t  t o  100 p e r c e n t  cover, the  r a t i o  d a t a  from t h e  two 
i n s  t r u m ~ n t s  could be  r e a d i l y  campared using a l i n e a r  t r a n s f o r m a t  ion ;  haweve r ,  
for s p a r s e  vegetation and bare s o i l s  the data  may not  fit t h e  l i n e a r  f u n c t i o n  
given i n  f i g u r e  44. C l a r i f i c a t i o n  of t h e  r e l a t i o n  f o r  s p a r s e l y  covered s o i l s  
awa i t s  more experiment a1 data. 
WAVELENGTH (MICROMETERS) 
Figure 35.--Spectrum obta ined over a wa te r  s t r e s s e d  wheat nlnr -'~nted i n  
February  1979 a t  Phoenix ( d a t a  f u r n i s h e d  by E .  C h a p p e ~ ~ e ,  ~ L L ~ A / G S F C ) ,  Plant 
cover  was a b o i ~ t  40 percen t .  
The ND's for t h e  two instruments are shown in f i g u r e  45. Over t h e  range 
o f  p l a n t  d e n s i t i e s  shown here, the r e l a t i o n s h i p  i s  linear w i t h  an r2 v a l u e  of 
0 . 9 9 9 ;  however, the  nonzero i n t e r c e p t  i n d i c a t e s  t h a t  t he  r e l a t i o n  may not be 
l i n e a r  over t h e  e n t i r e  range frm 0 p e r c e n t  t o  100 p e r c e n t  p l a n t  cover .  
The wa te r  a b s o r p t i o n  band: The water  a b s o r p t i o n  band i s  s e n s i t i v e  t o  
w a t e r  i n  plants  and e x h i b i t s  t h e  g r e a t e s t  c o n t r a s t  between g r e e n  v e g e t a t i o n  and 
b a r e  s o i l  (Leaner et a l ,  1978). This s e n s i t i v i t y  t o  water could greatly improve 
our a b i l i t y  t o  detect t h e  presence of water s t r e s s  and o t h e r  factors t h a t  i n -  
h i b i t  water uptake by p l a n t s .  With a number of rad iomete r s  i n  t h i s  band,  data 
s h o u l d  soon be a v a i l a b l e  t o  e v a l u a t e  i t s  p o t e n t i a l .  Some questions t o  be 
answered are: Should this band be r a t i o e d  with a n o t h e r ?  I f  so ,  which one?  
What form of v e g e t a t i o n  indices can enhance i n f o r m a t i o n  i n  t h i s  band? Must we 
zse reflecrances or can r a d i a n c e s  be r e a d i l y  c o r r e c t e d  f o r  sun angle? 
Answers t o  t h e  above and o t h e r  q u e s t i o n s  await d a t a  from field expcr i -  
men ts .  The in fo rmat ion  gained by hand-held radiometers should prove t o  be a 
v a l u a b l e  guide t o  t h e  i n t e r p r e t a t i o n  of Thematic Mapper d a t a  t h a t  should be 
available a f t e r  the launch of LANDSAT D. 
RED BAND OF MARK I 1  
Figure 36.--A c m p a r i s o n  o f  t h e  red bands on t h e  Mark I1 and t h e  PMT 2-band. 
Data are for 12  wheat s u b p l o t s .  
0 Wp Y W.*l 
r lClP 5 MI?- .m 
Q I .  
(II 
9 
RED BAND OF MARK I I  
F i g u r e  37.--A comparison of t h e  red bands on t h e  Mark I1 with MSS4 and MSS5 of 
the  Exotech. Data are Eor 12 wheat subplot s .  
CALCULATION OF APPROXIMATE LOCAL STANDARD TIME FOR LANDSAT OVERPASSES 
LANDSAT satellites were launched i n  sun synchronous o r b i t s  inclined 99" 
from the Equator, causing the s a t e l l i t e s  t o  cross  t h e  United Sta tes  in a sourh- 
s~uthwesLwardly d i r e c t  ion ,  c r o s s i n g  $he Equator n m i n a l  ly a t  0930 local civil 
time i n  descending mode. Precise knowledge of the local standard time t h a t  t h e  
RED BAND OF MaRK I T  
Figure 38.--A comparison aE the red bands or\ the Mark IT. with YSS4 and MSSS 
of LANDSAT-1. Data are for 12 wheat s u b p l o t s .  
I R  BfiND OF MARK 1 I 
Figure 39 .--A comparison of the IR band on the  Mark 11 with the IR band on the 
PMT 2-band, Data are for 12 wheat plots. 
s a t e l l i t e  will overfly particular sites in t h e  Un i t ed  S t a t e s  is important for 
planning experiments in which aircraft and ground data are to be a simultane- 
ously obtained.  Duggin (1977) and Jackson et a l .  (1979) have shown that spec- 
t r a l  data taken over row crops a r e  affected by the solar elevation, and hence 
time of day, necessitating coincident times for satellite-aircraft and ground 
data collection to minimize d i s c r e p a n c i e s  caused by solar elevation changes. 
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I R  BRND OF MARK T I  
Figure 40.--Correlation of the IK band of the Mark I1 with MSS6 and MSS7 of the 
Exotech. Data are for 12 wheat s u b p l o t s .  
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I R  BAND OF MfiRK i 1 
Figure 4 1 . - - A  comparison of the IR band of the Mark 11 w i t h  MSS6 and MSS7 
of LANDSAT- 1. Data are for 1 2  wheat subplots .  
~ i m e :  Time is calculated f r m  the ~reenwich meridian (zero longitude). 
-
There are three commonly used ways of reporting time: standard time, civil 
t ime,  and solar time. A c i v i l  day is d e f i n e d  as precisely 24 hours. Thus, Eor 
each degree of longitude, the time change is 1440 min/360a = 4 minldegree.  For 
any particular west longitude,  the local c i v i l  time (LcT) is less than Green- 
wich time b y  4 min/degree. 
H20 ABS BAND OF MARK I f  
Figure 42 . - -A  c a n p a r i s o n  of the  w a t e r  a b s o r p t i o n  and t h e  I R  bands of t h e  Mark 
11, Data are Eor 12  wheat subplots. 
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H20 fiBS BAND OF MARK I 1  
F i g u r e  4 3 . - - A  comparison of the water a b s o r p t i o n  and t h e  r e d  bands t7L: t h e  Mark 
11. Data are f o r  12 wheat subplots. 
The i nconven ience  of u s i n g  I,CT fox everydav use i s  r e a d i l y  a p p a r e n t  when 
one consid~rs t h a t  every  location i n  east-west d i r e c ~ i o n s  has a d i f f e r e n t  t ime. 
T h u s ,  t.;me zones have been d e f i n e d  with t h e  LCT of a designat;ed m e r i d i a n  n e a r  
t h e  c e n t e r  of t h e  zone used for  the ent ire  zone. For the United States, these  
meridians a r e  7 5 "  W .  longitude (Eastern standard t i m e ) ,  90" W .  Longitude (Cen- 
r r a l  standard time), 105' W .  longitude ( ~ o u n t a i n  s t a n d a r d  t i m e ) ,  and 120" W .  
longitude ( P a c i f i c  standard time). Note t h r t  the difference between the meri- 
dians i s  15"  Longitude or one hour  of c i v i l  time. 
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MARK I 1  - IR/RED 
Figu re  44. - -A  comparison of the  red r a t i o s  For t h e  Mark I1 and t h e  Exotcch 
for p l a n t  cover ranging trom 40 t o  100 percent. 
8-2 
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MflRK I 1  - NORM DIFF 
F i g u r e  45.--A comparison of t h e  normal ized  differences fo r  the Exotech YSS5 
and MSS7 bands and the Mark I1 IR and red bands f o r  p l a n t  cover ranging  
from 40 to 100 percen t .  
A t  a p a r t i c u l a r  l o n g i t u d e  (XI, t h e  d i f f e r e n c e  between the  LCT and t h e  
l o c a l  standard time is: 
AT ( l o n g i t u d e )  = 4 ( l o n g i t u d e  of standard m e r i d i a n  i n  time zone - X) ( 3 3 )  
and t h e  LCT a t  E is 
where M d e s i g n a t e s  t h e  s t a n d a r d  mer id ian  w i t h i n  t h e  t i m e  zone, and LCT(M) rep-  
r e s e n t s  the  s t andard  t ime f a r  t h a t  t ime zone. 
For example, Phoenix is  a t  a'bout 112' W.  
~ ~ T ( ~ h o e n i x )  = LCT (105" w.) + 4 (105 - 112) 
= LCT 1105" w.) - 28 rnin 
Since LCT (105" N,) i s  Mountain s t andard  t ime  {YST) ,  it i s  1132 MST i n  Phoenix 
when it is c i v i l  noon a t  105" W .  Conversely ,  c i v i l  noon a t  Phoenix occurs  a t  
1228 hours .  
S o l a r  cime, t h e  t ime shown by a s u n d i a l ,  d i f f e r s  from c i v i l  t i m e  by t h e  
equa t ion  of t im ( T h r e l k e l d  1962).  Th i s  d i f  Eerence is caused by i r r e g u l a r i t i e s  
i n  the  e a r t h ' s  r o t a t i o n ,  o b l i q u i t y  of t h e  e a r t h ' s  o r b i t ,  and o t h e r  f a c t o r s .  
Values f o r  t h e  equa t ion  of time a r e  g iven i n  t a b l e  4 .  These d a t a ,  i n t e r ~ o l a t e d  
fran t a b l e  14.2 of  T h r e l k e l d  (1962),  a re  For 1958. T h r e l k e l d  s t a t e d  t h a t ,  for 
p r a c t i c a l  purposes,  these v a l u e s  could b e  used f o r  any year ,  and t h a t  f a r  any 
one day the equa t ion  of time may be cons ide red  c o n s t a n t .  Leap y e a r  cau.;es only  
a smal l  e r r o r .  From t a b l e  4 ,  the  eauat ion of t ime for 1 5  February is about 
minus 14 min and for  1 November about p l u s  1 6  min. The va lue  i n  t a b l e  4 ,  f o r  a 
p a r t i c u l a r  day,  added a l g e b r a i c a l l y  t o  L V  a t  the  Longitude of i n t e r e s t e d  y i e l d s  
solar t i m e .  Thus, solar t ime a t  Phoen ix  i s  LCT a t  105" W .  minus 28 p l u s  equa- 
t i o n  of t ime,  and c o n v e r s e l y ,  t h e  LCT a t  a  p a r t i c u l a r  s o l a r  time i s  s o l a r  time 
p l u s  28  minus equa t ion  of t ime .  As an example, s o l a r  noon at  Phoenix on 1 5  
February and 1  November would be: 1200 + 28 + 14 = 1242, and 1200 t 28 - 16 = 
1212 MST, r e s p e c t i v e l y .  
LANDSAT overpass  t i m e s :  The usua l  r e sponse  t o  a  query as t o  when LANDSAT 
passes  over  i s  0930. T h i s  is the nominal t ime t h a t  LANDSAT c r o s s e s  the Equator  
and is given i n  terms of  LCT. Some l i t e r a t u r e  may refer t o  t h e  LCT as  the  
lo*=l mean t ime .  If rhp o r b i t s  were p e r f e c t l y  sun synchronous,  the  e q u a t o r i a l  
c r o s s i n g  t ime (EcT) would be c o n s t a n t  a t  near t h e  nominal 0930; however, the 
t h r e e  LANDSAT s a t e l l i t e s  have been s l i g h t l y  nonsun synchronous,  and t h e  ECT' s 
have changed over  t h e  y e a r s  (Eig. 4 6 ) .  The ECT f o r  LANDSAT-I changed about  1 
hour and 45 min d u r i n g  6 years of opera t ion .  LANDSAT-2 underwent an o r b i t  
a d j u s t  d u r i n g  t he  p e r i o d  2 November 1977 t o  2 February 1978. JANDSAT-3 a p p e a r s  
t o  be closest t o  a sun synchronous o r b i t  of t h e  t h r e e  s a t e l l i t e s .  
The ECT v e r s u s  time pa th  can be c l o s e l y  approximated wi th  a q u a d r a t i c  
equa t ion .  For LANDSAT-3, the e q u a t i o n  is 
ECT = 9.47558 + 3.62836 x T - 5.20891 x 10-7 T~ ( 3 6 )  
where T is  t h e  t ime i n  c o n s e c u t i v e  days  s i n c e  1 J a n u a r y  1978. E q u a t i ~ n  36 w i l l  
approximate  the ECT f o r  LANDSAT-3 o n l y  u n t i l  o r b i t a l  ad jus tments  a r e  made. Data 
are p e r i o d i c a l l y  a v a i l a b l e  from t h e  GSFC. If e x t e n s i v e  exper iments  are planne3 
i n  which a c c u r a t e  LANDSAT c r o s s o v e r  t imes are needed, c o n s u l t  with NASA. 
S ince  the s a t e l l i t e s  c r o s s  t h e  Uni ted  States i n  a sou th  . t 4 t ~ . c < .  d i -  
rect ion ,  t h e  o r b i t a l  p a t h s  w i l l  c r o s s  a s p e c i f i c  U . S .  l o c a -  :.:. ~ n i  n- 
utes ahead of t h e  l o c a l  c i v i l  ECT. The o r b i t a l  path w i l l  ;-ees 
of long i tude  i n  t r a v e l i n g  from a p o i n t  over  the United S t a . ,  3~ 't 
Table  4.--Ddily ( , f u l i a n  Day) v ; ~ ~ u @ s  for the equation of time (EQTM in 
minutes) intcrpolatcd fron a tdble given by Threlkeld (1962) 
n h y  ~ n r v  t , n v  F ~ T M  I ~ A Y  F O T ~  I J A Y  t n T r  PAY f nT" 
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Figure 46, - -Equator ia l  c r o s s i n g  time ( l o c a l  c i v i l  o r  mean time) f o r  t h e  t h r ee  
LANDSAT s a t e l l i t e s .  The l a s t  d a t a  shown are f o r  23 J u l y  1979. (Data fur- 
nished  by J o h n  P r i ce ,  NASA/GSFC). 
the Equator. The exact  number of degrees d i s p l a c e m e n t  depends upon t h e  Lati-  
t u d i n a l  d i s t a n c e  OF t h e  ground s i t e  of i n t e r e s r  from t h e  equator. F i g u r e  47 
shows the  t i m e  d i f f e r e n c e  t h a t  a d j u s t s  t h e  ECT t o  a particular l a t i t u d e  i n  t h e  
n o r t h e r n  hcmisphere. Thesc: da ta  account for t h e  l o n g i t u d i n a l  change .  For 
Phoenix ( 3 3 " 2 6 '  N . ,  112901'  w.), t h e  t ime d i f f e r e n c e  is about  2 1  m i n ,  assuming 
t h a t  t h a  o r b i t a l  pa th  is d i r e c t l y  above Phoen ix .  An approx ima te  e q u a t i o n  f u r  
t h i s  time d i f f e r e n c e  i s  
AT ( l a t i t u d e )  = 0.433098 L  + 6.58729 x L* ( 3 7 )  
where aT (latitude) is in m i n u t e s  and  L is  i n  d e g r e e s  north l a t i t u d e .  
To c a l c u l a t e  t h e  loca l  s t a n d a r d  time for a LANDSAT-3 overpass fo r  a 
p a r t i c u l a r  l a t i t u d e  and l o n g i t u d e :  
(a)  IJse equation 36 to estimate the ECT for  t h e  p a r t i c u l a r  day.  
(b )  Use equat icrn 37 t o  estimate t h e  AT ( l a t i t u d e )  adjustment ( i n  a i n u t e s ) .  
( c )  C a l c u l a t e  AT ( l o n g i t u d e )  from equa t ion  3 3  ( i n  minutes). 
( d l  Add ( a )  + (b)  + ( c ) .  
LAT ITUDE CDEG NORTH) 
Figure  47.--The t ime d i f f e r e n c e  i n  minutes between t h e  l o c a l  c i v i l  t ime a t  a 
p a r t i c u l a r  nor th  La t i t ude  and t h e  l o c a l  c i v i l  tine of e q u a t o r i a l  c r o s s i n g  
( d a t a  fu rn i shed  by NASA/GSFC) ,  
Example: T h e  LANDSAT-3 overpass time f o r  18 J u l y  1979 on t h e  [ rea res t  o r b i t a l  
t r a c k  o v e r  Phoenix was 
(a )  18 July  1979 was day 365 + 199 = 564.  Using e q u a t i o n  3 6 ,  
ECT = 9.515 hours (0931). 
( b )  AT ( 3 3 "  l a t . )  = 21.46 min (round to  2 1 ) .  
( c )  AT ( 1 1 2 O  long . )  = 28 min. 
( d l  0931 + 21 min + 28 min = 1020 MST. 
T h e  value  of 1020 w i l l  d e c r e a s e  s l i g h t l y  wi th  t ime  u n t i l  t h e  o r b i t  i s  
a d j u s t e d .  I f  no o r b i t a l  adjus iments  a re  made, on 1 January  1981, t h e  overpass  
time will be a t  approximate ly  1004 MST. 
LANDSAT o r b i t  t r a c k s  a r e  approx imate ly  1.43' of long i tude  a p a r t .  T h i s  
t r a n s l a t e s  t o  5 .  I' min. Tiberefure, the  overpass  t ime i s  b r a c ~ r t e d  ~y  k2.9 m i l l  
t o  a l low for t h e  f a c t  t h a t  t h e  s a t e l l i t e  may not be d i r e c t l y  overhead.  Maps 
showing the o r b i t  pa th  a r e  a v a i l a b l e  from NASA. These maps a l s o  g i v e  t h e  d a t e  
of overpass .  LANDSAT'S r e p e a t  c y c l e  i s  18 days .  
INFRARED THERMOMETERS 
IR thermometers provide a noncontact  means for measuring the apparen t  
emi t t ed  thermal r a d i a t i o n  from an o b j e c t .  I f  t h e  e m i s s i v i t y 6  of t h e  o b j e c t  is  
known ( t h e  e rn i s s iv i ty  of most v e g e t a t i o n  and s o i l  s u r f a c e s  i s  between 0 . 9 3  and 
6 ~ m i s s i v i t y  r e f e r s  t o  t h e  r e l a t i v e  e f f i c i e n c y  w i t h  which a n  o b j e c t  e m i t s  
r a d i a t i o n .  Swain a n d  Davis (1978) d e f i n e  i t  as " the  r a t i o  of t h e  r a d i a t i o n  
g i v e n  o f f  by a surface t o  t h e  r a d i a t i o n  g i v e n  o f f  by a blackbody a t  t h e  same 
Cemperature; a  blackbody h a s  an e m i s s i v i t y  of 1, o t h e r  objects between 0 and l r "  
0 .97 ,  far cnmplcx canopy s t r u c t u r e s  i t  approaches  1 -01, the: a b ~ o L u t e  tempera- 
ture car1 then  be determined.  Scanning I R  thermometers mounted i n  a i r c r a f t  and 
s a t e l l i t e  p l a t f o r m s  a r c  ab le  t o  c o l l e c t  d a t a  over broad regions, whi le  p o r t a b l e  
hand-held d e v i c e s  can be used on t h e  ground t o  provide  t empera tu res  of more 
lirnitt:d, i d e n t i f i e d  t a r g e t s .  Two major advantages  of IR thermometers a r e  t h e i r  
c a p a b i l i t y  t o  r a p i d l y  de te rmine  t empera tu res  remotely and n o n d e s t r u c t i v e l y  and 
t o  i n t e g r a t e  t empera tu res  areally over  rhe e n t i r e  f i ~ l d  of view, thus  avo id ing  
s i n g l e  point  measurement and t h e  a s s o c i a t e d  sampling problems, 
Many t y p e s  of hand-held 1 R  thermometers a r e  a v a i l a b l e .  The February  1980 
i s s u e  of "Measurements and Control"  g i v e s  a n  e x t e n s i v e  l i s t  of commercial ly 
a v a i l a b l e  i n s t r u m e n t s ,  wi th  s p e c i f i c a t i o n s ,  p r i c e s ,  and m a n u f a c t u r e r ' s  ad- 
d r e s s e s .  
F i e l d  use:  To o b t a i n  r e p r e s e n t a t i v e  canopy t empera tu res ,  i t  i s  d e s i r a b l e  
t o  point  t h e  ZR thermometer so t h a t  a  maximum amount of v e g e t a t i o n  is viewed by 
the sensor .  T h i s  can be accompl~,shed by viewing t h e  t a r g e t  o b l i q u e l y  and a t  
r i g h t  ang les  t o  any s t r u c t u r e s  t h a t  might be p resen t  i n  t h e  f i e l d .  The t a r g e t  
a r e a  viewed by a  c i r c u l a r  f ie ld-of-view ins t rument  when deployed i n  a n  o b l i q u e  
f a s h i o n  is t e a r d r o p  shaped,  and t h e  upper edge of t h e  t a r g e t  is much h i g h e r  
t h a n  one might i n t u i t i v e l y  expec t  ( e s p e c i a l l y  wi th  l a r g e r ,  i. e . ,  2 0 a ,  Eield-of-  
view l e n s e s ) .  We u s u a l l y  t a k e  r e a d i n g s  Looking i n  s e v e r a l  d i f f e r e n t  d i r e c t i o n s  
t o  minimize e E f e c t s  t h a t  i n s o l a t i o n  a n g l e  and viewing azimuth angle may have on 
apparen t  t a r g e t  temperature .  Our r o u t i n e  measurements are t a k e n  1 t o  2 hours  
f o l l o w i n g  s o l a r  noon, a t ime when a maximum d i f f e r e n c e  between canopy and a i r  
t empera tu re  u s u a l l y  occurs .  Routine weather o b s e r v a t i o n s ,  i . e . ,  cloud c o v e r ,  
windspeed,  p r e c i p i t a t i o n ,  t a r g e t  c o n d i t i o n s ,  and  wet and d ry  b u l b  a i r  tempera- 
t u r e s ,  a re  recorded  whenever canopy t empera tu res  axe measured. 
C a l i b r a t i o n s :  Exper ience  h a s  shown us  t h a t  t h e  readou t  t e n p e r a t u r e  on 
- 
most factory c a l i b r a t e d  i n s t r u m e n t s  i s  not  a n  a c c u r a t e  r e p r e s e n t a t i o n  of appar-  
e n t  blackbody t empera tu res .  T h i s  probably  r e s u l t s  f rom t h e  f a c t  t h a t  c a l i b r a -  
t i o n  is  a t e d i o u s  and d i f f i c u l t  procedure for which good s t a n d a r d s  have not  y e t  
been devised and a l s o  because t h e  c a L i b r a t i o n s  of each ins t rument  tend t o  d r i f t  
w i t h  age of the  e l e c t r o n i c s ,  t h e  s e n s o r s ,  and t h e  wear and t e a r  of f i e l d  usage.  
For  t h e s e  reasons ,  we c a l i b r a t e  a l l  i n s t r u m e n t s  as p r e c i s e l y  as p o s s i b l e  u n d e r  
s t a n d a r d i z e d  c o n d i t i o n s  u s i n g  a p r e c i s i o n  blackbody c a l i b r a t i o n  dev ice .  Such 
c a l i b r a t i o n s  are  r o u t i n e l y  carried ou t  a t  2- t o  4-week i n t e r v a l s  and whenever 
an  i n ~ t r u r n e n t  is suspected t o  be i n  e r r o r .  Care is  t aken  t o  c a l i b r a t e  i n s t r u -  
ments as c l o s e  as p o s s i b l e  t o  t h e  manner i n  which they  a r e  used in t h e  f i e l d .  
For  example, bo th  t h e  PRT-5 and Telatemp a r e  c a l i b r a t e d  on b a t t e r y  r a t h e r  t h a n  
l i n e  power because  they are r a r e l y  used i n  t h e  f i e l d  o n  l i n e  power. Since the 
c a l i b r a t i o n s  of o u r  I R  thermometers a r e  u s u a l l y  l i n e a r ,  i t  i s  a  s imple  m a t t e r  
t o  a r r i v e  a t  corrected apparen t  t m p e r a t u r e s  i n  t h e  f i e l d  e i t h e r  w i t h  a por t -  
a b l e  c a l c u l a t o r  o r  a c a l i b r a t i o n  curve ,  or  a f t e r  c o l l e c t i n g  ins t rument  r e a d o u t  
d a t a ,  t o  make the c o r r e c t i o n s  on a computer. 
To keep c o n s t a n t  check on thermometers between c a l i b r a t i o n s ,  we have found 
i t  h e l p f u l  t o  i n s t i t u t e  a two-temperature c a l i b r a t i o n  check each time t h e  in- 
s t r u m e n t s  a r e  used.  We suspended a black c a v i t y  i n t o  an inexpens ive  c i rcu-  
l a t i n g  water  b a t h  and then  s i m u l t a n e o u s l y  recorded t h e  t empera tu re  of the w a t e r  
w i t h  a mercury-in-glass thermometer and t h e  t empera tu re  of t h e  b lack  cav i ty  
w i t h  t h e  I R  thermometer. A h e a t e r  i n  t h e  water ba th  was used t o  raise t h e  tan- 
p e r a t u r e  of t h e  water  by 10" t o  1 5 ° C  so t h a t  about  20  min l a t e r ,  a f t e r  canopy 
t empera tu res  were taken,  a second c a l i b r a t i o n  check a t  t h e  h i g h e r  t empera tu re  
could be made. Any d e v i a t i o n  from t h e  expected i s  an  i n d i c a t i o n  Lhat t h e  ZR 
thermometer needs r e c a l i b r a t i o n .  C e r t a i n  manufac tu re r s  w i l l  provide  a black-  
body p l a t e  wi th  a thermometer imbedded i n  i t  t o  perform t h e s e  d a i l y  checks.  
Used i n  a f a i r l y  s t a b l e  environment wi th  no d i r e c t  i n s o l a t i o n  f a l l i n g  on t h e  
p l a t e ,  t h e s e  w i l l  probably p rov ide  a n  e x c e l l e n t  way t o  check t h e  d a i l y  p e r f o m -  
ance of t h e  IR thermometer. We cannot o v e r s t r e s s  t h e  importance of good c a l i -  
b r a t i o n  and r e g u l a r  d a i l y  checks.  
P r e c a u t i o n s :  We have noted the f o l l o w i n g  p r e c a u t i o n s  i n  t h e  u s e  of IR 
thermometers,  which w e  share w i t h  o t h e r  u s e r s  wi th  t h e  hope i t  w i l l  s p a r e  them 
having t o  d i scover  i t  f o r  themselves.  
a )  Ten:,erat t~re e q u i l i b r i u m  and warm-up p e r i o d s .  Laboratory  c a l i b r a t i o n s  
have determined t h a t  the  most r e l i a b l e  d a t a  can be expected when t h e  i n s t r u m e n t s  
have been e q u i l i b r a t e d  out-of-doors i n  t h e  shade f o r  =bout 30 min p r i o r  t o  t h e  
read ings .  This  a l lows the  e l e c t r o n i c s  and t h e  housing of t h e  ins t rument  t o  
come co e q u i l i b r i u m  with  t h e  a i r  t e m p e r a t u r e  and g e n e r a l l y  gives more s t a b l e  
r e a d i a g s .  I n  a d d i t i o n ,  t h e  a i r - t e m p e r a t u r e  s e n s o r  provided on t h e  AG-42 w i l l  
not  give c o r r e c t  t a r g e t - a i r  d i f f e r e n t i a l s  u n l e s s  this procedure  i s  fo l lowed.  
Taking t h e  I R  tiiermometer out  of a a i r - c o n d i t i o n e d  p i ckup  and immediately u s i n g  
i t  i n  1 1 0 ' ~  a i r  t empera tu res  i s  not sugges ted  when t a r g e t - a i r  d i f f e r e n t i a l s  a r e  
r e q u i r e d .  Also, the  t a r g e t - a i r  d i f f e r e n t i a l  must be ca l ib ra ted  i n  a known 
t empera tu re  room before  t h e  d a t a  i n  t h a t  mode can  be t r u s t e d ,  because the fac- 
t o r y  c a l i b r a t i o n  of t h e  t h e r m i s t o r  a i r  t e m p e r a t u r e  dev ice  may be i n  e r r o r .  The 
PHT-5 r e q u i r e s  a n  i n i t i a l  warmup so  t h a t  t h e  i n t e r n a l  r e f e r e n c e  t empera tu re  
w i l l  hea t  up s u f f i c i e n t l y  and s t a b i l i z e .  The AG-42 does not  r e q u i r e  "on" t ime 
t o  warm up. The ins t rument  "comes t o  l i f e "  i n s t a n t l y  upon demand. 
b) Opera t ion  i n  a "noisy" environment.  I n s t r u m e n t s  should  not be c a l i -  
b r a t e d  o r  opera ted i n  any a r e a  t h a t  might be c o n s i d e r e d  n o i s y  from an e l e c t r i -  
caL s i g n a l  s t a n d p o i n t .  We have found t h a t  s t r a y  s i g n a l s  from e l e c t r o n i c  de- 
v i c e s  and CB r a d i o s  can change t h e  ou tpu t  of some i n s t r u m e n t s .  
c )  Opera t ion  i n  d u s t y  environment .  T h i s  shou ld  be avoided when p o s s i b l e .  
-
Dust should  not  be al lowed t o  accumulate  on t h e  o p t i c s  of t h e  ins t ruments .  I t  
can  be removed by b l a s t s  of Dust Of f ,  a commmerc i~ l ly  a v a i l a b l e  product  used i n  
the  photography i n d u s t r y .  
Caut ion:  Do not use Dust  Off p r i o r  t o  o r  d u r i n g  any measurements o r  c a l i -  
b r a t i ons .  The r e f r i g e r a n t  p r o p e l l a n t  2,2-4 d i c h l o r o - d i f l u o r o e t h a n e  used  i n  
t h a t  product is an e f f e c t i v e  f i l t e r  i n  a  p o r t i o n  of t h e  thermal  spectrum. It 
w i l l  a l t e r  apparent  t empera tu res  s i g n i f i c a n t l y ,  e s p e c i a l l y  i f  t h e  t a r g e t  temper- 
a t u r e  is  d i f f e r e n t  from a i r  t empera tu re .  A f t e r  a b l a s t  of Dust  O f f ,  we found 
t h a t  apparen t  temperature  of a t a r g e t  was 3 6 " ~  when i ts  t r u e  t empera tu re  was 
4 0 " ~  and t h e  a i r  t empera tu re  was 2 5 ° C .  We found t h i s  e f f e c t  p e r s i s t s  much 
longer  than expected (15  t o  30 min).  
d )  Miscel laneous  p r e c a u t i o n s  and p rocedures .  Do not  a l low i n s t r u m e n t s  t o  
ge t  wet o r  a l low water t o  e n t e r  the  l e n s  a r e a s .  Leave t h e  i n s t r u m e n t s  on 
charge  when they are not  i n  use. Both t h e  PRT-5 and T e l a t w p  have t r i c k l e  
charging circuits so t h a t  the b a t t e r i e s  cannot  be overcharged.  Do not  p o i n t  
the  s e n s o r  a t  t h e  sun.  
Due t o  tht! time cclnstants of t h e  AG-42, more time (-5 s e c )  must be g iven  
Ear t h e  thermometer t o  reach o stable read ing  when t a r g e t s  a l t e r n a t e  between 
very hot s o i l  to cool p l a n t s  t h a n  i f  the  t a r g e t s  a r e  c o n s i s t e n t l y  w i t h i n  t h e  
same t empera tu re  range.  
The AG-42 has t h e  c a p a b i l i t y  of measuring n o t  on ly  t h e  t a r g e t  s u r f a c e  
t empera tu re  but a l so  the  t a r g e t - a i r  temperacure d i f f e r e n t i a l .  T h i s  l a t t e r  
pa ramete r  i s  ob ta ined  by merely p u l l i n g  t h e  t r i g g e r  on t h e  gun when p a i n t i n g  i t  
aC t h e  s u r f a c e  of i n t e r e s t .  A few p r e c a u t i o n s  a re  i n  o r d e r  i n  u s i n g  t h i s  capa- 
b i l i t y ,  The t h e r m i s t o r ,  which s e n s e s  a i r  t e m p e r a t u r e s ,  is  housed i n  t h e  f r o n t  
part of the  gun and consequent ly  is s l i g h t l y  i n f l u e n c e d  5y the s u r r o u n d i n g  
m e t a l ,  E q u i l i b r a t i n g  t h e  gun out-of-doors f o r  about  30 min t ends  t o  minimize 
t h e  i n f l u e n c e  of t he  housing on t h e  read ing  of t h e  t h e r m i s t o r ;  however, we have 
found i n  some nf our l a b o r a t o r y  t e s t s  that the t h e r m i s t o r  may a c t u a l l y  be read- 
i n g  about a degree  lower than t h e  ambient a i r  t empera tu re .  As a consequence,  a 
separate c a l i b r a t i o n  should he sade i f  t h e  AG-42 i s  t o  b e  used i n  t h e  t a r g e t -  
a i r  d i f f e r e n t i a l  mode. 
We have observed that  i t  i s  not p o s s i b l e  t o  get an  a c c u r a t e  r ead ing  whi le  
w a l k i n g  wi th  the  PRT-5 due t o  the needle fluctuations of the analog readout. 
Shade must be provided f o r  t h e  AG-42 d i g i t a l  r eadou t .  The red LED d i s p l a y  
washes out i n  normal d a y l i g h t .  Shading can be e f f ec t ed  by s l i p p i n g  t h e  l e a t h e r  
h o l s t e r  o r  a l eng th  of 3-inch-diameter b leck PVC over  t h e  rear of t h e  gun, 
A h e l p f u l  exercise fo r  each o p e r a t o r  t o  go through b e f o r e  u s i n g  a n  I R  
themorne te r  i s  t o  determine i t s  F i e l d  of view.  Mount t h e  ins t rument  on a t r i -  
pod a t  about t h e  same he igh t  and a n g l e  t h a t  would be used i n  t h e  f i e l d  when 
looking a t  a c rop .  While one person observes t h e  readou t ,  a n o t h e r  person should  
be on one s i d e  of t h e  es t ima ted  f i e l d  of view w i t h  a smal l  piece of aluminum 
f o i l .  P lace  t h e  Eoil  on t h e  ground and move i t  towards t h e  f i e l d  of view. The 
o p e r a t o r  can t e l l  from the output  of t h e  IR thermometer when the Eoi l  comes 
w i t h i n  t h e  E i c l d  af v iew as t h e  temperature w i l l  drop considerably.  (Aluminum 
h a s  an e m i s s i v i t y  of -0.08,) Piace a stake a t  t h i s  p a r t i c u l a r  po in t  t a n g e n t  t o  
t h e  f i e l d  of view. The f o i l  mover c a n  go around t h e  f i e l d  of view of the  i n s t r u -  
ment p l a c i n g  s t a k e s  and tan mark out  f a i r l y  well t h e  a r ea  seen by t h e  i n s t r u m e n t  
when he ld  i n  t h e  normal o b l i q u e  p o s i t i o n .  The same procedure  c a n  be used i f  t h e  
gun is  to  be h e l d  looking s t r a i g h t  down. 
PHOTOGRAPHIC DETERMINATION OF CANOPY COVER 
An es t imate  of percent  p l a n t  canopy cover  i s  u s e f u l  when i n t e r p r e t i n g  
re tnote ly  sensed measurements. It is  important  t o  know what p r o p o r t i o n  of t h e  
t a r g e t  area viewed by a rad iomete r  i s  green canopy and how much is bare s o i l  o r  
s e n e s c e n t  b r  lwn o r  yellow leaves .  We have found t h a t  c o l o r  s l i d e s  t a k e n  a t  
weekly i n t e r v a l s  Chroughout t h e  growing seeson are  s u f f i c i e n t  t o  q u a n t i f y  t h e s e  
cover  r e l a t i o n s h i p s .  The t echn ique  i s  inexpens ive ,  f a i r l y  r a p i d ,  and y i e l d s  
r e p r o d u c i b l e  r e s u l t s .  I n  a d d i t i o n  t o  p rov id ing  a means f o r  quant i fy ing  cover  
r e l a t i o n s h i p s  i n  situ, photographs a r e  i n v a l u a b l e  for  documenting t h e  g e n e r a l  
growth p a t t e r n s  and v igor  oi- t h e  p l a n t s ,  de re rmin ing  pheno log ica l  growth stages, 
and documenting canopy a r c h i t e c t u r e ,  lodging,  and v i sua l  symptoms of n u t r i e n t  
dcficirncv, d i s e a s e ,  and i n s e c t  damage. I n  scme i n s t a n c e s ,  i t  is p o s s i b l e  rn  
monitor a p l a n t ' s  s h o r t - t e n  response  t o  wa te r  s t r e s s  such as leu!: ~ c . , l l i n g  or 
c u r i i  ng--a condi t ion  t h a t  can not be: e a s i l y  documented by o t h e r  w2;:fsli.-ement 
t echn iques .  
We rake two nad i r -o r i en ted  and one o b l i q u e  photograph per p l o t  each week. 
The n a d i r - o r i e n t e d  p i c t u r e s  a r e  taken l o o k i n g  s t r a i g h t  down a t  the  same t a r g e t  
a r e a s  each t ime from a h e i g h t  of a b o u t  2 in. Photographs a r e  nonnal l y  t aken  a t  
1/60  sec u s i n g  ASA 6 4  co lor  s l i d e  F i l m  and focusing approximate ly  one- th i rd  of 
t h e  way i n t o  t h e  canopy, The photographs are u s u a l l y  taken around solar-noon 
so t h a t  t h e  d e p t h  of l i g h t  p e n e t r a t i o n  iaLo t h e  canopy i s  near maximum and t h e  
h i g h  l i g h t  l e v e l s  r e s u l t  i n  t h e  greacest p o s s i b l e  deprh of f i e l d .  C~F: ,.tse an  
automat ic  exposure,  motor-dr iven,  35-mm ctirnera, equipped wit:h a 50-r~nn f o c a l  
l e n g t h ,  f. 1 . 8  l e n s ,  which has  a h o r i z o n t a l  f i e ld -o f -v iev  o' about 4 6 " .  I t  
a l s o  has a data back, which e n a b l e s  each frame t o  be iabt:ier! with a scene iden- 
t i f i c a t i o n  code o r  t h e  c a l e n d a r  d a t e .  R e s u l t a n t  slides are p r o j e ~ t e o  cnru a 
50- b y  70-cm s c r e e n  of whi te  g r idded  posterboard on which 200 d o t s  were raqdorn- 
1y pos i t ioned .  Each dot is c l a s s i f i e d  accord ing  t o  t h e  tyre of t a r g e t  i t  
" h i t s . "  The g r i d  network on t h e  sc reen  reduces  the chailces of doli5le c n u n t i n g  
a p a r t i c u l a r  dot. T a b u l a t i o n  i s  f a c i l i t a r e d  by a  mechp7nical c o d n t e r .  T h e  cate-  
g o r i e s  we use t o  classiEv h i t s  a r e  ba re  s o i l ,  s u n l i t  and shaded;  green  ! eaves ,  
s u n l i t  and shaded; brown Leaves, s u n l i t  and shaded; heads,  st ln!ir  and shaded;  
awns; u n c l a s s i f i e d  shadow; and comments. Examples of w r , ' e n t  g r ~ ~ e n  ci,-)er, per- 
c e n t  brawn c o v e r ,  and percent  b a r e  s o i l  d a t a  a r e  giver+ n ' i g u r e  48. The d a t a  
show the  type of r e s u l t s  one might expect  from wheat ~dr;.. *its planted a t  d i f -  
f e r e n t  t imes  of t h e  y e a r .  
There is a s y s t e m a t i c  b i a s  in t roduced  whenever a Z ~ n r .  g i t h  a  f ie ld-of-view 
greacer  than z e r o  is used. ALthough wide-angle l enses  11,d;~ seem a t t r a c t i v e  
because of t h e  r e l a t i v e l y  l a r g e r  t a r g e t  a r e a  t h a c  =an be viewed, r h e i r  u s e  
should  be a v o i d e d .  P l a n ~ s  a t  t h e  pe r imete r  of images t a k e n  with wide-angle 
l e n s e s  (i.e., f o c a l  length  (50 mm) w i l l  be viewed o b l i q u e l y  and t h u s  p r e s e n t  
more c r o s s - s e c t i o n a l  percent <over than would occur  i f  one were t o  look 
s t r a i g h t  down on t h e  images. T h i s  i s  t h e  same problem t h a t  e x i s t s  w i t h  rad io -  
me te r s  as was discussed  i n  s e c t i o n  5 .  The d a t ~  presenyed i n  f i g u r e  '48 have not  
been c o r r e c t e d  f o r  f ie ld-of-view induced b i a s ;  however, we at tempted t o  mini- 
mize t h i s  e r r o r  by p r o j e c t i n g  t h e  s l i d e s  so t h a t  only t h e  center two-thirds of 
r h e  photograph is  analyzed.  Wil l iams (1979) presen ted  an e r r o r  a n a l y s i s  of t h e  
photographic  t echn ique  f o r  measuring percent  v e g e t a t i v e  c o v e r .  
STANDARDIZATION OF WASUREMENTS AND RECORDING OF ENVIRONMENTAL CONDITIONS 
During t h e  American Society of Agronmy meetings a t  Ft. C o l l i n s ,  Colo. 
(August 19791, the  y i e l d  modeling group met t o  develop a s e t  of s t a n d a r d s  t o  
s t r i v e  f o r  u n i f o r m i t y  i n  d a t a  c o l l e c t i o n  wi th  hand-held rad iomete r s .  Armand 
Bauer c o l l e c t e d  t h e  va r ious  comments and put t o g e t h e r  an  e x c e l l e n t  se t  of 
i n s t r u c t i o n s .  The fo l lowing  i s  taken d i r e c t l y  from bauer's l e t te r  of 1 3  August 
1979.  
1. Main ta in  two b a r e  soil a r e a s  as a r e f e r e n c e  i n  t h e  f i e l d  i n  which 
neasurements  a r e  made. One should  be kept  ' ' n a ~ u r a l "  (exposed t o  
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Figu re  48.--Fraction of bare s o i l ,  green biomass, and brown biomass fo t  three 
wheat p l o t s  over a growing season. 
a i r )  and other  made wet before measurement is made. Surface should 
be smooth or should have the same surface rouphness as  the f i e l d  i n  
which measurements are made. If t i l l a g e  i s  a variable ,  maintain 
areas of surface roughness included i n  the experiment. 
2 .  Be consistent in t h e  t i m e  of day that reflection measurements are nade. 
a .  Record the exact location of each site, s p e c i f y  by l a t i t u d e  and 
longitude. 
b .  Record time of day measurements are made ( b e g i n ,  end). Solar 
noon f one hour is preferred. 
c .  Da i ly  measurements are preferred - best r e s u l t s  usually a t e  
obta ined  on sunny days.  
d .  Keep a log of prevai l ing  weather condit ions during tine of 
measurement. 
e. Record the  row d i r e c t  ion .  
1. Caution 
O n s e t  of stress, or stress affects reflectance. 
( 2 )  Wind increases the 'terror" i n  data. 
( 3 )  Avoid  days with high cirrus clouds; days as f r e e  of 
clouds as possible are p r e f e r r e d .  
a .  Depends on growth s t a g e ,  but  a minimum of six per  ploc i s  
rc!cmrnendt?ti. Don' t  s t a n d  i n  orre p l o t  t o  make t h r s e .  Take tht?  
f irst  one over t h e  row ( e y e b a l l e d )  - take s tep  - t a k e  r e a d i n g  - 
t a k e  s t e p  - take  r e a d i n g ,  e t c .  
h .  Ray Jackson can be c o n t a c t e d  i f  more d e t a i l e d  i n f o r m a t i o n  i s  
needed. 
4 .  Height  above crop t h a t  radinmecer  i s  t o  be held. 
Recommend a  minimum of one meter above top  of c rop  canopy, 
P r e c i s i o n  i s  g r e a t e r  w i t h  h e i g h t s  above one meter. 
5. O r i e n t  a t  ion whi le  h o l d i n g  ins t rument  when measurements a r e  made. 
a .  Whenever p o s s i b l e ,  stand t o  n o r t h  and extend hand-held r a d i o -  
meter toward south. 
b.  Avoid measurements i n  sl~adows c a s t  by r e a d e r  o r  by o r h e r  
ext raneous  sources. 
c .  Be c o n s i s t e n t .  
6 .  Ins t rumenr  b e a r e r  s h o u l d  avoid  wearing l i g h t - c o l o r e d  c l o t h e s ;  
avoid  white shoes  or b a r e  f e e t .  
7. RaS04 p l a t e s  f o r  c a l i b r a t i o n  will be supplied with the i n s t r u m e n t .  
Avoid s c r a t c h i n g ,  a b r a s i o n ,  e t c .  Keep p r o t e c t e d  from elements  of 
wea the r  when not i n  use. Insects ( e s p e c i a l l y  g r a s s h o p p e r s )  a r e  "bad 
news" i f  they c rawl  on t h e  p l a t e s .  
8.  Remember t o  m a i n t a i n  a  log  of " s t andard ized"  plailr d a t a .  ( p e r c e n t  
cover e t c . ;  t a k e  p i c t u r e s  when possible.) 
9. Keep t r a c k  of e v e r y t h i n g  you do .  T h i s  may prov ide  clues t o  improve- 
ment i n  use of the i n s t r u m e n t .  
PROCEDURES I N  SUPPORT OF HAND-HELD RADIOMETER OP5EHVATIONS 
A t  t h e  SEA/AR Yield  Group meet ing i n  August 1979 a t  F t .  C o l l i n s ,  Colo . ,  
C r a i g  Wiegand was asked t o  p rov ide  i n f o r m a t i o n  i n  a d d i t i o n  t o  t h a t  c o n t a i n e d  i n  
Armand ~ a u e r ' s  l e t t e r  ( p r e v i o u s  sect  ion). Wiegand's material i s  p resen ted  i n  
t h i s  s e c t i o n .  
A. Hand-held rad iomete r  measurements 
1. Record t h e  t ime of each p l o t  or t r e a t m e n t  o b s e r v a t i o n s  t o  t h e  n e a r e s t  
5 minutes  ( i d e a l l y  a d a i l y  check of  t h e  N a t i o n a l  Bureau of S t a n d a r d s ,  
Greenwich meridian t i m e  from radio s t a t i o n  WWV would be h e l p f u l ) .  
2. S o i l  backgroup? showing through the canopy w i l l  a f f e c t  r e a d i n g s .  
T h e r e f o r e ,  ( a )  remove p l a n t s  from a small area ( i n  p l o t s  o r  turn-row) 
t h n t  a r e  t ill.c'ri t h e  same a s  tl-I<: area  where conopy mr~as~~rf?rnt*nts  arc' 
mado, and mnke satnEb s p e c t r a l  o b s e r v a t i o n s  as ovt?r c a n n p i r ~ s ,  (h:  nr~t . l i  
w h e t h ~ r  s n i l  surface i s  v i s i b l y  wet  o r  d r y  a t  time nf  obscrvn t  i r ~ n c ; ,  :in11 
( c )  work, i f  can,  i n  f i e l d s  thnt have heen s o i l  mappcd by S C 8  and 
s ~ l p t ~ r i m p n s t ~  t h i s  information on e x p ~ r i m ~ n t a l  reas  r lsed, and ( ( 1 1  ;fr;ipt~ 
tiart. so i l  raaciings  long wi th  canopy read ings  irs 3 f ( t  imp). Thtr <.I,P~ - 
t rnl obscrvat ions  lor t h e  canopy v a r i a b l e s  shoulrl r tx t  r n p r ~ l n t  r: t o  t t ~ r :  
s o i l  hackgrc,r~rld obsc.rvation at  zero leaf  arpn in t i rx ,  hioma!;:; o r  p l a n t  
hr?ight  i f  s u r f a c ~  condi t  inns of the so i l  a re  thg: same a t  hart. soi l  
s i r e s  a s  at the crrrpped s i t e s .  
The p ropc~r r ion  of t h e  i n c i d e n t  s u n l i g h t  t h a t  i s  s p e c u l a r  vr:rsll!i d i  f f r l r , r a  
on n given measurement day may prove t o  be a useful ct iaract f ! r izr~r  f ~ f  
atmospheric c o n d i t i o n .  Thus, i t  may prove u s e f u l  t o  o b t a i n  r a d i a n c e  
m e a s ~ ~ r e m e n t s  of selcrcted canopy s i t e s ,  t h e  reference p a n e l ,  and thfi  
barf? s o i l  a reas  when shaded and unshaded. Shading can be a c c r x o ~ l i s h e ~ l  
by fixing a piece of plywood, s h e e t  al.imitlilm, n r  even cardboard t o  rl 
pole and shading t h e  a r e a  where measurements a r e  made. Size of the 
shaded a rea  should  be such t h a t  the  f i e l d  of view of t h e  hand-held 
rad iomete r  i s  complete ly  E i l l e d  by sharlow. A minimum s i z e  shade i s  
probably  about twice the s i z e  of t h e  r e f l e c t a n c e  s t a n d a r d ;  i t  s t lo~l ld  h e  
h e l d  h i g h  enough above t h e  t a r g e t  t h a t  10 p e r c e n t  o r  l e s s  of t h e  s k y  is 
obscured .  
a .  The shadowed o b s e r v a t i o n s  y i e l d  informat  ion  on the s i g n a l  expected 
from t h e  shadows wi th in  t h e  c a n o p i e s ,  (The major components of t h e  
s p e c t r a l  s i g n a l s  a r e  s u n l i t  v e g e t a t i o n ,  s u n l i t  s o i l ,  and shadowed 
l eaves  and s o i l . )  
b .  Note: I r r a d i a n c e  i s  a  measure of hemispher ica l  downwelling energy 
i n f l u x ;  i t  is u s u a l l y  measured with t h e  s e n s o r  p o i n t i n g  upward w i t h  
a cosine response  d i f f u s e r  o v e r  t h e  s e n s o r .  Radiance measurements 
are made look ing  downward with an ins t rument  t h a t  has  a  smal l  s o l i d  
angle f i e l d  of view (say from 2 t o  20  d e g r e e s )  such a s  t h e  hand-held 
rad iomete r s  have. (See a t t a c h e d  reference on t e rmino logy . )  The 
r a d i a n c e  measurement for the s u n l i t  r e f e r e n c e  pane l  i s  p r o p o r t i o n a l  
t o  t h e  s p e c u l a r  solar plus  d i f f u s e  sky i r r a d i a n c ? .  The shaded 
panel  r ead ing  r e p r e s e n t s  t h e  d i f f u s e  ( o r  sky) i r r a d i a n c e .  Sub t rac -  
t i o n  of the  shaded read ing  from t h e  sunlit r e a d i n g  y i e l d s  t h e  
s p e c u l a r  i r r a d i a n c e  component of t h e  i n c i d e n t  f l u x .  
Caut ion:  For i r r a d i a n c e  t o  be i n f e r r e d  from r a d i a n c e  measurerrents 
t h e  s u r f a c e s  have t o  be Lamber t ian  ( p e r f e c t  diffusers). The Bas04 
pane l ,  p lan t  l eaves  dnd soil a r e  not  p e r f e c t l y  Lambertian but come 
f a i r l y  close. 
4 .  Although s i g n a l s  will be lower, b i d i r e c t i o n a l  r e f l e c t a n c e  t h e o r y  such 
as Suits' i n d i c a t e s  that obse rva t i ons  under o v e r c a s t  c o n d i t i o n s  a r e  
meaningful .  
C a u t i o n :  Lower s i g n a l s  are subject t o  g rea te r  i n f l u e n c e  by t h e  same 
n o i s e  t h a n  f u l l  sun r e a d i n g s  would be. 
5 .  The r e f l e c t a n c e  s t a n d a r d  must be l e v e l ,  not obscured from the shy by 
p l a n t s  or o ther  s~lrrounclinp, objects - such a s  t h e  obsenter  - and t h e  
radinmt?tc?r sllould b e  perptanliicular to  i t .  The same holds f o r  p lan t  
canopy ahs e rva r ions.  
H. Plant obst?rvnt ions  
1 ,  Tab le  5 gives tht? s imple  c o r r e l a t i o n  between various  s p e c t r a l  i n t e r -  
v a l s  and percent ground cover ,  l ea f  area  index ,  f r e s h  biomass ,  d r y  
biomass,  and p l a n t  water c o n t e n t  oE s p r i n g  wheat (A ldr i ch  et a l .  
1 9 7 8 ) .  I n  the  v i s i b l ~  ( l 3 , 4 0  t o  0.74 urn) and water  a b s o r p t i o n  hands 
(1 .3  t o  2 . 5  urn) the c o r r e l a t i o n s  a r e  n e g a t i v e  because  p l a n t s  a r e  
o b s c u r i n g  the mnre r e f l e c t i v e  s o i l  background. I n  these wavelengths ,  
p l a n t  leaves a rc  efficient a b s o r b e r s  - by pigments and water ,  respec -  
tively. Within t h ~  r e f l e c t i v e  i n f r a r e d  (0.74 t o  1 .3  vm) wavelength 
i n t e r v a l ,  the c o r r e l a t i o n s  a r e  p o s i t i v e  due t o  m u l t i p l e  t r a n s m i s s i o n  
and r e f l e c t a n c e  of impinging l i g h t  by t h e  t r a n s l u c e n t  leaves and leaf 
l a y e r s .  
2.  P l a n t  h e i g h t  should  a l s o  be measured r o u t i n e l y .  I t  i s  an easy, non- 
d e s t r u c t i v e  measurement that can be taken a t  s i t e s  of r e p e t i t i v e  opec- 
t r a l  rnedsurements. It w i l l  d i f f e r  somewhat from year t o  year f o r  a 
given s p e c i e s  at  a locat ion j u s t  as  y i e l d s  end t h e  other p l a n t  para- 
mete r s  do.  
T a b l e  5.--The 1 inesr c o r r e l a t i o n s  ( r )  of t h e  proposed themat ic  mapper a& LAND- 
SAT MSS wdvdength b d d s  with percent s (~ i l  cover, l e a f  area index, fresh and 
dry biornass, ard p l a n t  water  content of spr ing  wheat (from Aldrich e t  al. 
1978) 
Percerit Lea E P l a n t  
Wavelength s o i l  a r ea  Fresh  Dry w a t e r  
band (um) cove t  i n d e x  biomass b i  omas s c o n t e n t  
Thematic Mapper: 
EANDSAT MSS: 
It can be measured by s i g h t i n g  a c r o s s  t h e  t o p s  of p l a n t s  t o  a  me te r  
s t i ck ,  as d i s t a n c e  ground t o  t i p  of u p l i f t e d  leaf ( o r  i n f l o r e s c e n c e ) ,  
o r  as  d i s t a n c e  from ground (o r  crown) t o  t h e  uppermost: leaf l i g u l e  ( o r  
c o l l a r )  t h a t  complete ly  su r rounds  t h e  s tem o r  pseudosCem. Unfo r tu -  
n a t e l y ,  t h e r e  seems t o  be no s t a n d a r d i z a t i o n .  
3. P l a n t  popu la t ion  p e r  u n i t  grourid a r e a  is u s e f u l .  It need be obLained 
on ly  once - when t h e  s t a n d  is f i r m l y  e s t a b l i s h e d .  
Caut ion:  I f  sorghum o r  corn ,  e , g . ,  are p l a n t e d  i n  a "c lumpyt' p a t t e r n ,  
s m e  p l a n t s  w i l l  be puny and bar ren .  Thus even i n  n o n t i l l e r i n g  c rops ,  
number of p l a n t s  p r e s e n t  is not n e c e s s a r i l y  synonymous wi th  t h e  number 
of  heads o r  e a r s  produced p e r  u n i t  ground a r e a .  
4 ,  E p i s o d i c  even t s ,  such as Leaf o r  s tem r u s t  i n f e s t a t i o n ,  i ,iliage- 
damaging 2rsezes ,  insect i n f e s t a t i o n s  s u f f i c i e n t  t o  damage t h e  p l a n t s  
or lower y i e l d ,  ho t  winds, e t c . ,  cecd t o  be no ted .  
5 .  Phenologic  e v e n t s  d u r i n g  p l a n t  development,  such a s  those  i n  t h e  
Feekes s c a l e  Eor smal l  g r a i n s ,  should  be  recorded .  
C .  Weathe: 3ata 
Measure and record t h e  Following when f e a s i b l e :  
1. Maximum and mi.~imum d a i l y  t a n p e c a t u r e .  
2 .  I n s o l a t i o n .  
3.  Da i ly  p r e c i p i t a t i o n .  
1 .  A l l  o b s e r v a t i o n s  s h o u l d  be r e p r e s e n t a t i v e  of t h e  f i e l d  o r  p l o t  be ing  
obse rved .  
a .  Ideal111 : , e c t r a l  o b s e r v a t i o n s  shou ld  encompass t h e  a r e a  occupied 
by a t  ,~rlst t h r e e  rows and middles .  Not s o  d i f f i c u l t  Eor smal l  
g r a i n s ,  but more of a problem fur corn ,  soybeans ,  c o t t o n ,  e t c .  
A l t e r n a t i v e  h e r e  may be a permanently p o s i t i o n e d  p i p e  t h a t  t h e  pole 
supporting t h e  rad iomete r  can  be i n s e r t e d  i n t o .  Then, l e n g t h  of t h e  
arm suppor t ing  t h e  radiometer  becomes a d e s i g n  c o n s i d e r a t i o n  a l s o .  
If a permanently p o s i t i o n e d  p i p e  i s  used,  and t h e  arm s u p p o r t i n g  
t h e  radiometer  is  t h e  row width ,  beg inn ing  measurements over  t h e  row 
t h e  permanent p i p e  i s  i n  and c o n t i n u i n g  evecv ' $ 5 "  around t h e  c i r c l e  
formed by p i v o t i n g  t h e  arm y i e l d s  f o u r  o b s e r v a t i o n s  o v e r  rows and 
four  over middles  ~ e t w e e n  rows. Those two s e t s  will d i f f e r  u n t i l  
the leaves  o v e r l a p  i n  t h e  middles .  These r e a d i n g s  made look ing  i n t o  
t h e  sun could  d i f f e r  from t h o s e  look ing  with the  sun i f  p r o p o r t i o n  
of s u n l i t  l e a v e s  ve r sus  shadow d i f f e r  i n  t h e  two look d i r e c t i o a s .  
b  . Pheno log ica l  measurements on f o u r  o r  f i v e  r e p r e s e n t a t i v e  p l a n t s  
t h a t  can be averaged have been adequa te  i n  my exper ience .  Heading,  
a n t h e s i s ,  e t c . ,  however, a r e  o f t e n  based on t h e i r  o b s e r v a t i o n  on h a l f  
t h e  p l a n t s  o r  t i l l e r s  present, so tha t  s u b j e c t i v e  judgement is 
a lmos t  always involved.  
1.. 'rht.rtz are  s t a t i s t i c a l  guides such  a s  t h e  fo l lowing  For de te rmin ing  
n u a b e r  r ~ f  o b s e r v a t i o n s  o r  samples t o  take: The number of sarnplcs 
~ - t t r ~ : l i  r i ~ d  t o  estimatt? the t rue p l o t  mean w i t h i n  10 percen t  i s  given by 
t is the absc issa  af Che nvrmal curve which c u t s  o f f  an a r e a  u a-the 
t a i l s  ( i n  t h i s  c a s e  u = 0.05, t 2  - 41,  52 is t h e  v a r i a n c e ,  
d i s  the amount of e r r o r  a l lowed ,  (0.10) (mean), 
d .  Experiments shou ld  be r e s t r i c t e d  t o  what can  be done w e l l .  A l o t  of 
p o o r l v  documented t r ea tn~enLs  a re  less v a l u a b l e  than a  r e s t r i c t e d  
number t h a t  a r e  more adequate ly  c h a r a c t e r i z e d .  ( ~ r n a l l  i s  b e a u t i f u l , )  
E . (;round photography 
Set! P 1 l O ' ~ O G R A P l 1 I C  DETERMINATION QF CANOPY COVER. 
F. Terrn ino logy 
Sec p .  58-63, Vol. I ,  "Manual of Remote Se . l s ing , "  Arnericsn S o c i e t y  of 
Photogrammetry, F a l l s  Church,  Va. 1975. 
SELECTED REFERENCES 
(Literature cited i n  text  i s  indicated by *) 
Aase,  J. X . ,  and ~ i d d o w a ~ ,  F . H.  1980. Determining w i n t e r  wheat s t a n d  densi -  
t i e s  using s p e c t r a l  r e f  l e c t ~ n c e  ~rteasurerrents. Agrnn, J .  7 2 :  149-152. 
A l d r i c h ,  J .  S., Bauer, M.  E., Hixsan, M. M . ,  and o t h e r s .  1978. Proc .  I n t ' l  
Sympos. on Remote Sensing Observat ion and Inven to ry  af E a r t h  Resources and  
Endangered Ern?:..-rrnmenc 1  : 629-649. 
*Allen,  W .  A . ,  and Richardson,  A. 3 .  1968. I n t e r a c t i o n  of l i g h t  w i t h  a p l a n t  
canopy. O p t i c a l  9ac.  Am. 58:1023-1031. 
A l l e n ,  W .  A * ,  Gausrnan, H.  W . ,  Richardson,  A .  J., and Wiegand, C .  I,. 1970. Mean 
e f f e c t i v e  o p t i c a l  c o n s t a n t s  of thirteen k i n d s  of p l a n t  l e a v e s .  Applied 
Optica 9 :  2573-2577. 
Conaway, J . ,  and van '5ave1, C .  H.  M.  1967. Evapora t ion  from a wet s o i l  suxfa-s  
calcula: .cd from a l a d i o m e t r i c a l l y  determined surface t empera tu re .  J. Applied 
Met ear01  . 6 :650-&55 .  
"Deering, D.  W . ,  Rouse, J .  W . ,  J r . ,  Haas, R. '-I., and S c h e l l ,  H.  H.  1975. 
Measuri.ng " fo rage  product ion"  of g r a z i n g  un i ,+s  from Landsat  MSS data.  Proc. 
Tenth I n t .  S>.mp. on Remote Sensing of Enwirorn.qent. Univ. of Michigan, Ann 
Arbor. P . 1169-1 198. 
*~)t.itring, I). W .  19 78.  R a n ~ e l n n d  ref l e c t i ~ n c e  charact e r i s t  i c s  mensured bv nir- 
cra f t .  and s p a c e c r a f t  sensors ,  P h . D .  Diss, Texas AbH Univ. Cal lege  S t a t  i nn ,  
338 p .  
I ,  . . 1977 .  L i k t a l y  ~ f f e c t  s oE s. . lar  c ? l ~ v s t  i o n  on t h e  quon t iF icnr  inn 
,)f chnnp,rs i n  v e g ~ t a t i o n  w i t h  matur i ty  u s i n g  s e q u e n t i a l  Landsat  imagerv. 
A ~ p l i r d  O p t i c s  16:521-52'3. 
Ehrler,  W .  I.. , I d s o ,  S .  n . ,  Jackson, R .  D., and Reg ina ta ,  R. J ,  1978. Diurnal  
cl~:~ngrs i n  p lan t  water pu ten t  i a l  and canopy temperature  of wheat as a f f e c t  c?d 
!IV drcxlght. Agron. J n u r .  70: 999-1004. 
Gausman, ! I .  :i ! and A l l e n ,  W. A .  1973, O p t i c a l  parameters  'YE leaves  of t h i r t y  
p l a n t  ~ p e c ~ t - A .  P l a n t  P h y s i n l .  5 2 :  57-62. 
Gallsman, H. W . ,  Learnel, I{. W . ,  Froricga, J .  R . ,  and Rodr iguez ,  R ,  R .  1 9 7 7 .  
Fi eld-measured spect  rnradiomr t e r  r e f l e c t  ances  of d i s k e d  anti nondisked soil 
wi th  and wi thou t  wheal straw. S o i l  S c i .  Soc .  Amer. J. 41:793-796. 
Hat  f i e l d ,  J .  I.. 1979. Canopy t empera tu res :  Tbe uscEulness and r t a l i a b i l i  t y  
nf r r m o t r  mc?a.surei;rrnts. hgran.  J . 71 :88? -892. 
I i i i t f i e l d ,  J .  L., Reginato,  R .  J . ,  I d s o ,  S. B . ,  and Jackson ,  R.  D. 1978. 
Surface t e m p r r a t ~ ~ r r  and a lbedo  n b s ~ r v a t i o n s  as r o a l s  for  e v a p o t r a n s p i r a t i o n  
and crop-yioltf e s t i m a t i o n s .  I n  COSPAII: The Cnnt r ibu t  ion of Space Observa- 
t i o n s  t o  Global Food Informat inn Systems, Edi ted  hy E. A .  Godbv and 
.J .  O t t e r m a n ,  Pcrgarnon Press, Oxford and New York. P .  101-104. 
H a t f i e l d ,  .I. L . ,  T i ~ g i n a t o ,  K. J . ,  Jackson,  R. D . ,  and o t h e r s .  1974 -mote 
s e n s i n g  of s u r f a c e  t rrnpt3rature and 5 0 ;  L m o i s t u r e ,  cvap )transpire nd , i r l d  
e s t i m a t i o n s .  Prnc. o f  5 t h  Canadian Rtamott> Srins. Svmp., V i c t o r i a ,  .. . t .  i o l .  
P .  4 6 0 - 4 6 6 .  
H o l b e n ,  R .  N., Tucker, C .  J . ,  and Fan, C. J .  1980. S p e c t r a l  assessment  of 
snyb1x.n l ea f  artla and leaf biomass. Photogrnmmetr ic  Engineer ing and Rcvnotc 
Sens ing  4 6 : 6 5 1 - 6 5 6 .  
I d s o ,  S+ B., .Jackson, R ,  I)., and Heginilta, R .  J .  1976. Cornp'ensating f o r  
environmental  v a r i a b i l i t y  i n  t h e  thermal i n e r t i a  a p p r o a c l ~  t o  remote s e n s i n g  of  
s n i  1 moisturt*. Jour .  nf Appl. M ~ t i ? n r o l .  15:811-817. 
I d s o ,  S. R., Jackson,  R .  D., a n d  Regi i~sro ,  R ,  J .  1976. ~ e t e r m i n i n p  c?mittances 
for  use i n  i n f r a r e d  thermometry:  A s i m p l e  technique For expanding t h e  u t i l i t y  
oE e x i s t i n g  methods. J o u r  of Appl .  Meteorol .  15:16-20. 
Idsn ,  S .  B . ,  J acksan ,  R. D., and Reginato, R. $1. 1978. Kemote sensing f o r  
ngric,.lture water management and crap y i e l d  p r c d i c t l a n .  Agr ic .  Water M g m t .  
1 :299-310. 
Idso, S ,  H., Reginato ,  A. J., H a t f i e l d ,  J .  L .  and o t h e r s .  1980. A g e n u r a l i z a -  
t i a n  of the  stress-degree day c o n c e ~ t  of y i e l d  p r e d i c t i o n  t o  accornmodaLe a 
d i v e r s i t y  of c r a p s .  A g r i c u l t u r a l  Meteorol .  21:205-211. 
Tdsa, S. I { . ,  Sct~mrigge, 'T, .T., Jacks t>n ,  K, D. , and Keginato, R .  . J .  1975. Tht. 
l l t i l i t v  of s t ~ x f i i ~ e  t r ~ m j i ~ r a t ~ r e  m t + . I s u r e l n e n t s  fo r  thc remntc s e n s i n g  of  s o i l  
w + l t t a r  s t  , x t ~ ~ s .  7 n u r ,  c:thophvs. Kes. ( O & A )  80: 3044-3049. 
.Ja:k9c>n, R.  I). , I14so, S .  U., R e g i n a t o ,  K. J , ,  and E h r l e r ,  W .  L.  1 9 7 7 .  Crop 
t e m p e r a t u r e  r e v ~ a l s  stress. Crops  and S o i l s  29:lO-13. 
*.Jackson, K. I ) . ,  P i n t i b r ,  P, ,I., J r . ,  Idso, S.  B . ,  arld R e g i n n t o ,  K.  .J. 1979.  
Whear s p e c t r a l  reitectnnc~: I n t e r a c t  iori between c r o p  conf  igurat i n n ,  s u n  
~ i t , v a t i o n ,  and azimuth angle. A p p l i e d  Optics 18:3730-3722. 
. Jackson,  K. O., Ri lg i~ l a to ,  K. J . ,  and I d s o ,  S. 2 .  1977. Wheat canopy tmnpt3r- 
a t u t  ,>: A pract  i c n l  ton1 for  e v a l u a t i n g  w a t e r  r e q u i r e m e n t s .  Water  Resl)tlrct~s 
Hts. 133651-656. 
*Jackson ,  R. D., Keginattr, R. J . ,  P i n t e r ,  P .  J . ,  J r . ,  and I d s o ,  S. 8 .  1979.  
P l a n t  cqnopv in format ic>n r x r r a c t  i o n  from cornpos i t@ scene  r e f l e c t a n c e  of row 
c r o p s .  App l i ed  O p t i c s  18: 3775-3182. 
I ,  . T. 1914.  S e a s o n a l  canopy rrf l e c t  ance p a t  t e r n s  of wheat,  sorghum, 
snvhran .  KemoCe Srns ing  o f  E n v i r o n r n e n  t 3 :43-47.  
a K ~ ! i t h ,  K. ,T . 311~1 'l'l~ornas, G. S .  197h.  The t a s s e l e d  c a p  - A g raph i c  d e s c r i p -  
t ion of t : ,c s p e r t  r a l - t  rtnpural development  of a g r i c u  L t u r a l  c r o p s  a s  seal. 5;: 
L a n d s n t ,  P r o c .  Svrnp. on Machine Prc>cessinp, nE Remot c l g  Sensed D a t a .  
F 1 .  West L a f a v t ~ t t e ,  I n d .  
Kimr.;, D. S., I d s o ,  S. I $ . ,  P i n t e r ,  P .  J . ,  J r . ,  an,! a t h e r s .  1980. I:nmplrxit  icbs 
t ) t  n a d i r - l o o k i n g  r , ~  l i t ) m r t r i c  temperature  m r ~ ~ s u r r r n e n t s  ~t p l a n t  c a n o p i t ~ a .  
Anpiietl  O p t ~ c s  19:2 t02-2168 ,  
Kines, D. S . ,  Idso ,  S. D . ,  P i n t e r ,  P.  J., J r . ,  and o t h e r s .  Vim a n g l e  e fEec ts  
in r n d i o m r t r i c  measurement of p l a n t  canopy t e m p e r a t u r e s .  Remote S o n s i n g  of 
E n v i  ron~nent  . ( I n  p r a s s ) .  
K i n - s ,  D. S . ,  Mnrkham, B. L . ,  Tucke r ,  C .  J . ,  and McMurtrey, J .  6.  1980. 
Temporal re  la t  i a ~ ~ a h i p s  between s p e c t r a l  refiponsc and a g r o n m i c  va r i  ab  lcs oE a 
c o r ! ~  cannjly. NASA/(;SFC TM. ( I n  p r e p a r a t i o n ) .  
*I,arsen, ti. D .  1958.  Compi l e r ,  R i n e h a r t  Mathe lna t icn l  T a b l e s ,  Fa rmulas  and 
Curves ,  I t inahar t  and Co. ,  New York. P. 192-193. 
Leatner, R .  W . ,  and LaRocca, A. 3 .  1973. Calibration of field spectrorarf io-  
meters. O p t i c t  l E n g i n e e r i n g  12 :  124-130. 
"Learner, R.  W . ,  No r i ega ,  J. R . ,  and Wiegand, C. L. 1978. S e r s o n a l  changes  i n  
r e f l e c t a n c e  of two wheat c u l t i v a r s .  Agron. J .  70:  113-118. 
L e M a ~ t e r ,  E. W . ,  Chance, J .  E . ,  and  Wiegand, C.  L. 1980. A s e a s o n a l  v e r i f i -  
c a t i o n  of t h e  Suit's spectra l  r e f l e c t a n c e  model f o r  wheat. Photogrmmetr ic  
E n g i n e e r i n g  and  Remote S e n s i n g  46:107-114. 
M i l l a r d ,  J, P . ,  I i a t f i c l d ,  J .  L . ,  and Goettelman, R. C .  1979, Equ iva lence  of  
a i r b o r n e  and ground-acquired wheat canopy t empera tu res .  Remote Sens ing  of 
Environment 8: 273-275. 
M i l l a r d  J .  P . ,  Jackson, R.  D., Goettehnan,  R., C . ,  and o t h e r s .  1978. Crop 
wa te r  s t r e s s  assessment  u s i n g  a n  a i r b o r n e  thermal  scanner .  Photogrammetric 
~ n g i n e a r i n g  and Remote Sensing 44:77-85. 
M i l l a r d ,  J. P . ,  Jackson,  R. D . ,  Goettelman, R. C:,  and others. 1977. Airborne  
moni to r ing  of crop canopy t e m p e r a t u r e s  f o r  i r r i g a t i o n  schedu l ing  and y i e l d  
p r e d i c t i o n .  Proc .  1 1 t h  I n t l .  Symp. on Remote Sens ing  of t h e  Environment. 
P. 1453-1461. Ann Arbor, Mich. 
Mi lLard ,  J. P., Reginato ,  R. J., I d s o ,  S. B . ,  and others. 1980. Exper imenta l  
relations between a i r b o r n e  and ground measured wheat canopy t empera tu res .  
Photogrammetric Engineer ing and Remote Sensing 46:221-224. 
*Pearson,  R. L . ,  M i l l e r ,  L.  D . ,  and Tucker ,  C. J. 1976. A hand-held s p e c t r a l  
r ad iomete r  t o  e s t i m a t e  gramineous biomass. Applied O p t i c s  1a:416-418. 
P i n t e r ,  P .  J . ,  J r . ,  S t a n g h e l l i n i ,  M. E. ,  Reginato ,  R.  J . ,  and o t h e r s .  1979. 
Remote d e t e c t  i o n  of b i o l o g i c a l  stresses i n  p l a n t  w i t h  i n f r a r e d  thewome t r y .  
Sc ience  205: 585-588. 
Reginato, R. J., I d s o ,  S. B . ,  Vedder, J .  F . ,  and o t h e r s .  1976.  S o i l  w a t e r  
c o n t e n t  and evapora t ion  determined by thermal parameters  o b t a i n e d  Erom graund- 
based  and remote measurements. J o u r .  Geophys. Res. (Ocaans and Atmospheres)  
81 : 1617-1620. 
Richardson ,  A.  J., Escobar,  D. E . ,  Gausman, H.  W . ,  and ~ v e r i t t ,  J .  H .  1980. 
Comparison o f  LANDSAT-2 and f i e l d  s p e c t r o m e t e r  r e E l e c t a n c e  sialiatures oE sou th  
Texas rangeland p l a n t  cmmuni t  ies. S i x t h  Symp. Machine P r a c e s s i n g  of Remotely 
Sensed Data, Purdue Univ. ( I n  press). 
"Richardson,  A .  J., Wiegand, C. L . ,  Gausman, H .  W . ,  and o the r s .  1975 ,  P l a n t ,  
sail, and shadow reflectance components of row c r o p s .  Pho togrammet r ;~  
Eng ineer ing  and Remote ? e n s i n g  41:1401-1407. 
*Richardson,  A .  J . ,  and Wiegand, C .  L. 1977. D i s t i n g u i s h i n g  v e g e t a t i o n  Erom 
s o i l  background informat  ion.  Photogramme t r i c  Engineer ing a n d  KPmo t e Sens i n g  
43: 1541-1552. 
*Rider, P. R. 1947. A n a 1 y r . i ~  Geanetry. The MacMillan C o . ,  New York. P. 63. 
*Robinson, B .  F.: and B i e h i ,  L. L. 1979. C a l i b r a t i o n  procedures  for  measure- 
ment of r e f l e c t a n c e  f ac to r  i n  remote s e n s i n g  f i e l d  resea rch .  S o c i e t y  of 
Photo-opt i c a l  Ins t rumentar  ion Engineers ,  Vol. 196, Measurements of Opt i c a  1 
Radia t ions .  P .  16-26. 
*Rouse, J. W . ,  J r . ,  Haas, R.  H . ,  S c h e l l ,  J .  A , ,  and Deer ing,  D. W. 1973. 
Moni tor ing the verna l  advancement and r e t r o g r a d a t i o n  (green wave e f f e c t )  of 
n a t u r a l  v e g e t a t i o n ,  Prog,  Rep. RSC 1978-1, Remote Sensing Cen te r ,  Texas 
A&M Univ. ,  C o l l e g e  S t a t i o n .  9 3  p. (NTXS No. ~73-10693) .  
* S ~ l v a ,  L.  F. 1978. R a d i a t i o n  and i n s t r u m e n t a t i o n  i n  remote  s e n s i n g ,  I n  
P. H. Swain and S, M. Davis, eds., Remote Sensing - T h e  q u a n t i t a t i v e  Approach. 
McGraw-Rill, I n c . ,  New York. 396 p. 
* S l a t e r ,  P .  N .  1979. A re-examinat ion of t h e  Landsat MSS. ~ h o t o g r a m m e t r i c  
Engineer ing and Remote S e n s i n g  45:1479-1485. 
S t o n e ,  L. R . ,  Kanemnsu, E .  T . ,  and Horton,  M, L, 1975.  rain sorghum canopy 
temperature  as i n £  luenced by c louds .  Remote Sensing of ~ n v i r o n m e n t  4:  177-181. 
* S u i t s ,  G .  H .  1975, The n a t u r e  OF e l e c t r m a g n e t i c  r a d i a t i o n .  In R.  G. Reeves 
(ed .1 ,  Manual of Rernote S e n s i n g ,  Val. 1, p. 51-73, 
*Swain, P. H . ,  and Davj.s, S. M .  1978. Remote sensing - The Q u a n t i t a t i v e  
Approach. McGraw-Hill, Inc., New York. 396 p. 
Thomas, J .  R. , and O e r t h e r ,  G. F. 1972. E s t i m a t i n g  n i t r o g e n  con ten t  oE sweet 
pepper leaves by r e f l e c t a n c e  measurements. Agron. J .  64:11-i3.  
*Thre lke ld ,  J .  L. 1962. Thermal Environmental  Eng ineer ing .  P ren t  ice-IIal I ,  
Englewaod C l i f f s ,  N . J .  P .  313-321. 
"Tucker, C.  J. 1978a. A compar ison of s a t e l l i t e  s e n s o r  bands f o r  v e g e t a t i o n  
moni tor ing.  Photogrammetric Eng ineer ing  and Remote S e n s i n g  44:1369-1380. 
*Tucker, C +  J .  1978b. Hand-held r a d i o m e t e r  studies of a g r i c u l t u r a l  c r o p s  i n  
s i t u :  A new and promising approach.  I n  Proc .  of Remote Sensing Eor 0 b s e G a -  
t i n n  and Inven to ry  of Ear th  Resources and t h e  Endangered Environment, 
Freiburg, Germany. P. 667-672. 
*Tucker, C .  J. 1979. Red and pho tograph ic  i n f r a r e d  l i n e a r  combinat ions  f o r  
moni tor ing v e g e t a t i o n .  Remote Sensing of Environment 8:127-150. 
Tucker ,  C .  J .  1980a. A s p e c t r a l  method f o r  determining t h e  percentage of green 
m a t e r i a l  i n  a cu t  herbage sample.  Remote Sens ing  of Environment 9:175-181. 
Tucker ,  C. J .  1980b. Remote se t ts ing of l e a f  wa te r  c o n t e n t  i n  t h e  n e a r  i n f r a -  
r ed .  Remote Sensing of Environment.  (1n press). 
Tucker ,  C.  J . ,  E l g i n ,  J. H . ,  and McMurtrey, J .  E. 1979. Temporal s p e c t r a l  
measurements oE corn and soybean crops .  Photogrammetric Eng ineer ing  a n d  
Remote Sensing 4 5 : 6 4 3 - 6 5 3 .  
Tucker ,  C. J . ,  E l g i n ,  J. l i . ,  and McMurtrey, J .  E. 1980, R e l a t i o n s h i p  of crop 
rad iance  t o  a l f a l f a  agronomic v a l u e s .  I n t e r n a t i o n a l  J. of Remote Sens ing  
1369-75. 
Tucker ,  C .  J . ,  E l g i n ,  J .  W . ,  McMurtrey, J .  E . ,  and Fan, C .  J .  1979. Moni- 
t o r i n g  corn  and soybean c r o p  development w i t h  hand-held rad iomete r  s p e c t r a l  
d a t a .  Remote Sensing of Environment 8:237-248. 
Tucker, C .  J . ,  Holben, B. N . ,  E l g i n ,  J. H . ,  and McMurtrey, J. E. 1980. Remote 
sens ing  of t o t a l  d r y  m a t t e r  accumula t ion  i l i  winter wheat. NASA/GSFC TM-80631. 
Tucker ,  C.  , J . ,  Holben, H. N . ,  E l g i n ,  J. W., end McMurtrey, J. E., 111. 1980. 
RP ln t  i o n s h i p  n f  s p e c t r a l  data  t o  grain y i e l d  variat ion.  Pho~ogrammet r i c  
Eoei w e r i n g  and Remote Sensing 46:657-666. 
*Tucker, C. J,, Jones ,  id. Fl . ,  Kley,  W .  A , ,  and Sundstrom, G .  J .  1980. A t i i r ~ e  
hand 1.1il;id-h~ld r ad iomete r  Eor f i e l d  u s e .  NASA/GSFC TM-80641. 
*Turner, R .  E . ,  M a l i l a ,  V .  A . ,  and Nalepka, R.  F ,  1971, Importance of 
a tmospher ic  s c a t t e r i n g  i n  remote sensing, o r  e v e r y t h i n g  you've always wanted 
t o  know about atmospheric scattering but were a f r a i d  r o  ask .  Proc.  of t h e  
Seventh I n t .  Symp, on Remote Sens,  oE Envi ron ,  111: 1651-1697. 
"'Turner, R. E., and Spencer ,  H .  H .  1972.  Atmospheric model f o r  c o r r e c t i i l n  o f  
s p a c e c r a f t  dsra .  P r n c .  of t h e  E i g h t h  In t .  Symp, on Remote Sens.  of Envirnn.  
I1 : d 9 5 - 9 3 4 .  
*Llngar, S .  G . ,  C o l l i n s ,  W . ,  and Coiner ,  J. 1977. A t l a s  of se lzcted  crop 
s p e c t r a  of Imperial Val ley ,  C a l i f o r n i a .  NAsA/GSFC. 
Walker,  G .  K . ,  and H a t f i e l d ,  J. L. 1979. T e s t  of t h e  stress-degree-day concept 
us ink m u l t i p l e  p l a n t i n g  da tes  of red  k idney beans.  Agron. J .  7 1  :967-971. 
Wirgand, C .  t., Gausman, H.  W . ,  arid A l l e n ,  W .  A .  1972.  Physiologi  z a l  Eactors  
and o p t i c a l  parameters as bast,!; of v e g e t a t i o n  d i s c r i r n i n a t i  on and stress 
a n a l y s i s .  Prnc.  Seminar si7 ( i p ~ r a t  iona l  Remote Sens ing .  American S o c i e t y  of 
Ptiatograrnmetry, Fa! 1s Chur. .;, ::%. P. 82-102. 
'kWiegand, C .  L . ,  Caustnan, H .  W . ,  C u e l l a r ,  .I+ b . ,  and o t h e r s .  1974, Vege ta t ion  
d e n s i t y  as dt-,duced from ERTS-1 MSS respouse. Proc .  3rd  E a r t h  Resol~rces 
I r c l t no logy  S a t e l l i t e - 1  Symp,, Vol. I ,  p. 93-1'5. 
*Wiegand, C .  I , . ,  Richardson,  A .  J . ,  a n d  Kanemasu, E .  T. 1979. Leaf  area index  
e s t i m a t e s  f o r  wheat from LANDSAT and t h e i r  i m p l i c a t i o n s  Eor e v a p o r t r a n s p i r a -  
t i o n  and crop modeling. Agron. J .  71:336-342. 
*Will iams,  1'. H .  Lee. 1 9 7 9 .  An e r r o r  a n a l y s i s  of t h e  pho tograph ic  technique 
f o r  rncastrring percent v e g e t a t i o n  c o v e r .  S o i l  Sci. Soc. Am. J .  43:578-582. 
V .  5 .  GOVERNMENT P R I N T I N G  OFFICE: 1081 - 771-014/793 
